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T his work an aly zed  th e  s t a b i l i t y  and p re d ic te d  th e  perform ance o f 
s lo p e s  a t  th e  low er r e s e r v o i r  f o r  P u b lic  S e rv ice  Company o f  New 
M exico 's  proposed  pumped s to ra g e  h y d r o e le c t r ic  p r o je c t  n ea r S eboyeta , 
New M exico. The r e s e r v o i r  w i l l  be in  a canyon where n e a r ly  800 f t .  
o f h o r iz o n ta l  Mancos S h a le  i s  o v e r la in  by 85 f t .  o f  G allup  
S an d sto n e . The r e s e r v o i r  w i l l  be e n t i r e ly  co n ta in ed  w ith in  th e  
Mancos S h a le .
T his a n a ly s is  i s  based on e m p ir ic a l c a lc u la t io n s  from la b o ra to ry  
t e s t in g  o f  rock  and s o i l  sam ples from th e  low er r e s e r v o i r  a re a  and 
o b se rv a tio n s  made a t  f iv e  e x is t in g  r e s e r v o i r s  in  Mancos S h a le .
A pproxim ately 40 p e rc e n t o f  th e  low er r e s e r v o i r  p e r im e te r  w i l l  
ex p e rien c e  s lo p e  i n s t a b i l i t y .  S lopes a t  th e  low er r e s e r v o i r  w i l l  be 
s ta b l e  where s lo p e  a n g le s  a re  l e s s  than  24 d e g re e s . Such s lo p e s  a re  
p re s e n t ly  m antled  w ith  co llu v iu m , which w i l l  p r o te c t  th e  Mancos S hale  
from s la k in g . A ccord ing ly  th e  s t a b i l i t y  o f th e se  s lo p e s  i s  
c o n tr o l le d  by th e  s t a b i l i t y  o f  th e  e x is t in g  c o l lu v ia l  co v e r . Where 
s lo p e s  exceed 24 d e g re e s , s l id in g  may occur a t  th e  in te r f a c e  o f  th e  
c o l lu v i a l  cover w ith  u n d e rly in g  Mancos S h a le . The new ly-exposed 
Mancos S hale  w i l l  th en  s la k e  in  re sp o n se  to  w e t/d ry  c y c le s  produced
i i i
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by o p e ra tio n  o f  th e  pumped s to ra g e  f a c i l i t y  u n t i l  a shallow  cover o f 
s lak e d  s h a le  p a r t i c l e s  p re v e n ts  d ry ing  o f  u n d e rly in g  i n t a c t  s h a le .  
F a i lu r e  o f t h i s  r e s id u a l  m a te r ia l  w i l l  co n tin u e  u n t i l  th e  s lo p e  
a d ju s t s  to  24 d e g re e s . In  some lo c a t io n s  such s lo p e  r e t r e a t  w i l l  
induce  to p p lin g  o f  la rg e  G allup  Sandstone b lo c k s .
The im pacts o f  t h i s  s lo p e  i n s t a b i l i t y  on th e  o p e ra tio n  o f th e  pumped 
s to ra g e  f a c i l i t y  in c lu d e : 1) some . lo s s  o f  r e s e r v o i r  c a p a c ity  as
ap p rox im ate ly  375,000 cu b ic  y a rd s  o f  m a te r ia l  move below h ig h  w ater 
l e v e l ,  2) re d u c tio n  o f th e  r e s e r v o i r  embankment dam abutm ent 
s t a b i l i t y  u n le ss  m easures a re  taken  to  s t a b i l i z e  e x i s t in g  s lo p e s  in  
t h i s  a r e a .
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INTRODUCTION
P r o je c t  D e sc r ip tio n  & O b je c tiv e
T h is r e p o r t  i s  p a r t  o f  th e  e n g in e e rin g  s e r v ic e s  fo r  a pumped s to ra g e  
h y d ro e le c t r ic  p r o je c t  b e in g  u n d ertak en  by P u b lic  S e rv ic e  Company o f 
New Mexico (PNM). T his p r o je c t ,  th e  PNM Pumped S to rag e  P r o je c t ,  i s  
two m ile s  n o r th e a s t  o f  S eboyeta , in  V a len c ia  County, New Mexico 
(F ig u re  1 ). I t  i s  reached  by ta k in g  U .S. I n t e r s t a t e  Highway 40, 37 
m ile s  w est from A lbuquerque, then  ap p ro x im a te ly  12 m ile s  n o r th  on
Highway 289• The p r o je c t  w i l l  c o n s is t  o f  (F ig u re  2 ) :
1) An upper r e s e r v o i r  on Mesa C h iv a to , e l .  7 ,900 f t . , formed by
a r in g  d ik e .
2) A low er r e s e r v o i r ,  e l .  6 ,565 f t . , formed by a zoned
e a r t h f i l l  dam a c ro s s  a canyon, and
3) An underground powerhouse to  p ro v id e  600 Mw o f  power.
T h is r e p o r t  summarizes work done to  e v a lu a te  th e  s t a b i l i t y ,  
c o n f ig u ra t io n  and o v e r a l l  f u tu r e  perform ance o f  th e  low er r e s e r v o i r  
s lo p e s  d u rin g  o p e ra tio n  o f th e  pumped s to ra g e  p r o j e c t .  O p era tio n  o f 
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r e s e r v o i r  w i l l  f l u c tu a te  ap p ro x im a te ly  65 f e e t  on a weekly b a s i s .
W ater in  th e  low er r e s e r v o i r  w i l l  be in  c o n ta c t w ith  Mancos S h a le . 
The proposed  h ig h  w ater l e v e l  i s  ap p rox im ate ly  65 f t .  below th e  
c o n ta c t  between Mancos S h a le  and th e  o v e rly in g  G allup  S and sto n e . The 
s lo p e s  w i l l  be su b je c te d  to  a w e t-d ry  c y c le  a t  l e a s t  once p e r week 
th ro u g h o u t th e  l i f e  o f  th e  p r o j e c t .  The o b je c t iv e  o f  t h i s  r e p o r t  i s  
to :  1) e v a lu a te  th e  r e s e r v o i r  s lo p e  s t a b i l i t y  and p o te n t i a l  f o r
d e te r io r a t io n  o f  Mancos S h a le , 2) recommend a p p ro p r ia te  m easures to  
red u ce  p re d ic te d  s lo p e  i n s t a b i l i t y ,  and 3) recommend a p p ro p r ia te
in s tru m e n ta t io n  and methods to  m on ito r s lo p e  perform ance d u rin g  long  
term  p r o je c t  o p e ra t io n .
F ie ld  I n v e s t ig a t io n s
G eologic  mapping and s o i l  and rock  sam pling were perform ed a t  th e
low er r e s e r v o i r  from June 16 th rough  June 28, 1980. The mapping
e f f o r t  in c lu d e d  mapping th e  d i s t r i b u t i o n  o f bedrock and s u r f i c i a l
g e o lo g ic  u n i t s ,  ta k in g  j o in t  re a d in g s , and m easuring  e x i s t in g  s lo p e  
an g le s  th ro u g h o u t th e  low er r e s e r v o i r  a re a . Bag sam ples were tak en  
o f  w eathered  sh a le  t a lu s  m a te r ia l  and w eathered  i n t a c t  Mancos S h a le . 
B locks o f  G allup  Sandstone were c o l le c te d  from s e v e ra l  lo c a t io n s  
around th e  canyon rim . An a tte m p t was made to  c u t a la rg e  b lo ck
sam ple o f  f r e s h , unw eathered Mancos S hale  from th e  w a ll o f
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an e x p lo ra to ry  a d i t  lo c a te d  a t  th e  n o r th e rn  end o f  th e  r e s e r v o i r  a re a  
as  shown in  P la te  1, u s in g  a c i r c u l a r  saw w ith  a  c a rb id e  b la d e . 
S e v e ra l f a c to r s  in c lu d in g  an in o p e ra b le  v e n t i l a t i o n  system  in  th e  
a d i t ,  d i f f i c u l t  a cc e ss  to  f r e s h  sh a le  in  th e  a d i t  f lo o r ,  and 
i n s u f f i c i e n t  saw c u t t in g  dep th  le d  to  abandonment o f t h i s  e f f o r t .  
Rock co re  sam ples o f san d s to n e  and sh a le  were taken  to  Denver fo r  la b  
t e s t i n g  from th e  PNM s to ra g e  f a c i l i t y .  These sam ples were from co re  
b o rin g s  made a t  th e  low er r e s e r v o i r  in  1979.
A nearby  o p e n -p it  uranium  mine was v i s i t e d  and o b s e rv a tio n s  were 
made, re g a rd in g  th e  c o n d itio n  and perform ance o f  h ig h  p i t  s lo p e s  in  
Mancos S h a le . In  a d d i t io n ,  a  r e p o r t  on rock  m echanics in v e s t ig a t io n s  
conducted  p r i o r  to  d esig n  o f  th e se  p i t  s lo p e s  was rev iew ed .
R econnaissance  v i s i t s  were made to  f iv e  r e s e r v o i r s  in  w este rn  
C olorado and n o r th e rn  New Mexico from Ju ly  7 th rough  Ju ly  12, 1980. 
These w ere:
El Vado R e se rv o ir , Rio A rrib a  County, New Mexico 
Jackson  Gulch R e se rv o ir , Montezuma County, C olorado 
Crawford R e se rv o ir , D e lta  County, C olorado 
R if le  Gap R e se rv o ir , G a r f ie ld  County, C olorado 
Green M ountain R e s e rv o ir , Summit County, Colorado
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O b se rv a tio n s  were co n fin ed  to  a re a s  where Mancos S hale  o r i t s  
s t r a t i g r a p h ie  e q u iv a le n t  u n d e r l ie s  th e  r e s e r v o i r  s lo p e s . 
M easurem ents were made o f  s lo p e  an g les  above and below h ig h  w a te r 
l e v e l  (HWL), dep th  o f  r e s id u a l  cover on sh a le  s lo p e s , and th e  bench 
h e ig h t a t  HWL. Bag sam ples o f r e s id u a l  t a lu s  m a te r ia l  and u n d e rly in g  
i n t a c t  sh a le  were taken  a t  each  r e s e r v o i r .
P rev io u s  Work a t  th e  P r o je c t  S i te
P r io r  s tu d ie s  f o r  th e  PNM pumped s to ra g e  f a c i l i t y  a re  re p o r te d  in  th e  
fo llo w in g : 1) F e a s i b i l i t y  Level G eo tech n ica l E v a lu a tio n  o f th e
Seboyeta S i te  f o r  a Pumped S to rag e  H y d ro e le c tr ic  P la n t ,  March 1978, 
p rep a red  by Woodward-Clyde C o n su lta n ts , 2) I n v e s t ig a t io n  o f  Mancos 
S h a le  P r o p e r t ie s  from th e  Seboyeta Pumped S to rag e  P r o je c t  S i t e ,  Ju ly  
1979, p re p a red  by A tkinson-N oland and A sso c ia te s , 3) In te r im  R eport 
G eologic F ie ld  R econnaissance  Pumped S to rag e  P r o je c t  P u b lic  S e rv ic e  
Company o f New M exico, F ebruary  1980, p re p a red  by Stone & W ebster 
E n g in eerin g  C o rp o ra tio n  (SWEC), 4) Rock M echanics L ab o ra to ry  T e s t 
Program Pumped S to rag e  P r o je c t ,  May 1980, p re p a red  by A tkinson-N oland 
and A sso c ia te s , and 5) G e o tec h n ic a l In v e s t ig a t io n s  f o r  F e a s i b i l i t y  
E v a lu a tio n  o f Underground Powerhouse Pumped S to rag e  P r o je c t ,  
Septem ber 1980, p re p a red  by SWEC.
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Background on S h a les
There has been an in c re a s in g  i n t e r e s t  over ‘th e  p a s t  25 y e a rs  in  
dev elo p in g  an u n d e rs tan d in g  o f  th e  b eh av io r o f  s h a le  when i t  i s  used  
in  e n g in ee rin g  p r o je c t s .  S h a le s  com prise th e  l a r g e s t  volume o f  any 
s in g le  rock  ty p e  exposed a t  th e  e a r t h 1s s u r f a c e .  C onsequently  s h a le s  
have been commonly en co u n te red  in  en g in ee rin g  p r o je c ts  e i t h e r  as 
c o n s tru c t io n  m a te r ia ls  fo r  embankments and f i l l s  o r as fo u n d a tio n  
m a te r ia l s ,  c u t s lo p es  o r underground works (F ra n k lin , 1980). A 
c o n s id e ra b le  amount o f  re s e a rc h  on th e  c h a r a c te r iz a t io n  o f  sh a le  fo r  
e n g in e e rin g  purposes has been perform ed o r sponsored  by th e  F e d e ra l 
Highway A d m in is tra tio n , th e  U .S. Army Corps o f  E n g in eers  and th e  U .S. 
W ater and Power R esources S e rv ic e .
As sh a le s  and th e  problem s a s s o c ia te d  w ith  s w e llin g , s la k in g , 
s e t t le m e n t,  and low sh ea r s t r e n g th  were en co un tered  in  m ajor 
e n g in e e rin g  p r o je c ts  th ro u g h o u t th e  m idw estern  and so u th w es te rn  p a r t s  
o f  th e  U nited  S ta te s  (K n ig h t, 1963, Beene, 1967, Kennard e t .  a l . , 
1967, W right and Duncan, 1972), many s h a le s  became c h a r a c te r iz e d  as 
problem  s h a le s  in  term s o f  e n g in e e rin g  u se s  ( Shamburger e t .  a l . , 
1975, Banks, 1971). Most o f th e se  s h a le s  a re  o f  C re taceo u s age and 
range from m odera tely  cemented s h a le s  to  b e n to n i t ic  c la y - s h a le s .  
S tu d ie s  o f  th e  b eh av io r o f s lo p es  in  s e v e ra l  Upper C re taceo u s, c lay  
s h a le s  in  th e  upper M issou ri r i v e r  v a l le y  (Banks, 1971) in c lu d e  th e  
M arias R iv e r, C la g g e tt ,  Bearpaw, J u d i th  R iver and P ie r r e  F o rm atio n s.
ER-2435 8
E x ten s iv e  F e d e ra l Highway A d m in is tra tio n  re se a c h  has been done on 
numerous s h a le s  th ro u g h o u t th e  m idwest, southw est and w este rn  
p o r t io n s  o f  th e  U nited  S ta te s  (Bragg and Z e ig le r ,  1975, b u tto n , 1975, 
Shamburger e t . a l . , 1975). Some o f  th e  fo rm a tio n s  in c lu d e d  in  th e se  
s tu d ie s  a re  th e  Mancos, th e  s u b je c t  o f t h i s  s tu d y , B enton, B e lle  
F o u rch e , P ie r r e  and C a r l i l e  S h a le s , a l l  o f  Upper C re taceous ag e . The 
U .S. Army Corps o f  E n g in ee rs  re p o r te d  on th e  sh ea r s t r e n g th  o f 
s e v e ra l  C re taceo u s c la y - s h a le s  in  th e  G ulf C o as ta l P la in  a re a  o f  
Texas (Van Auken , 1963). The s h a le s  in c lu d e d  in  t h i s  s tudy  were th e  
Del R io , E agle Ford and Pepper S h a le s  and one unnamed b e n to n i t ic  
s h a le .  The s tu d ie s  o f th e se  s h a le s  were a tte m p ts  to  c h a r a c te r iz e  th e  
s t r e n g th ,  d u r a b i l i ty  and u l t im a te ly  th e  perform ance o f  th e se  s h a le s  
in  c u t s lo p e s  o r as f i l l  m a te r ia ls  fo r  embankments and dams.
The developm ent o f  a  s h a le  c l a s s i f i c a t i o n  system  began w ith  a  s im p le  
system  proposed  by Ingram  (1953) which i s  based  on th e  g ra in  s iz e  and 
e x te n t  o f  f i s s i l i t y  to  c a te g o r iz e  what Ingram  c a l le d  m udrocks. T h is  
i s  a h ig h ly  s u b je c t iv e  and d e s c r ip t iv e  system  w ith  no q u a n t i t a t iv e  
t e s t in g  in v o lv e d .
A nother c l a s s i f i c a t i o n  proposed by Underwood uses a  s e r i e s  o f 
e n g in e e rin g  p r o p e r t ie s  combined w ith  s u b je c t iv e  d e s c r ip t io n s  to  
c h a r a c te r iz e  th e  s h a le s  ( Underwood, 1967, Underwood, 1965). A lthough 
he d id  n o t p re s e n t  a  fo rm al e n g in e e rin g  c l a s s i f i c a t i o n  f o r  s h a le s ,
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Underwood concluded th a t  cemented sh a le s  pose th e  few est e n g in e e rin g  
problem s and th e  s o i l - l i k e ,  compacted o r c la y - s h a le s  a re  g e n e ra l ly  
a s s o c ia te d  w ith  e n g in e e rin g  prob lem s.
Fo lk  (1968) proposed  a system  o f  s h a le  c l a s s i f i c a t i o n  s im i la r  to  t h a t  
o f  Ingram . He d iv id e d  th e  b road  c a te g o ry  o f  s h a le s ,  which he c a l le d  
m udrocks, in to  mudstone o r m udshale, s i l t s t o n e  o r s i l t  s h a le  and 
c la y s to n e  o r c la y  s h a le  depending on th e  p e rcen tag e  o f  c la y - s iz e  
p r a t i c l e s  and degree  o f  f i s s i l i t y .  T his i s  a lso  a r a th e r  s u b je c t iv e  
c l a s s i f i c a i o n  w ith  only  s ix  b road  c a te g o r ie s .
Gamble (Gamble, 1971, Gamble and D eere, 1972) d id  a  com prehensive 
stu d y  o f  sh a le  d u r a b i l i ty  and developed bo th  a  sh a le  c l a s s i f i c t i o n  
system  and a s h a le  d u r a b i l i t y - p l a s t i c i t y  c l a s s i f i c a t i o n  system . The 
s h a le  c l a s s i f i c a t i o n  system  i s  e s s e n t i a l l y  th e  same as  p re v io u s ly  
proposed  schem es, d iv id in g  a r g i l la c e o u s  ro ck s  in to  groups i d e n t i f i e d  
by g ra in  s iz e ,  h a rd n ess  o r degree  o f in d u ra t io n , and b re a k in g  
c h a r a c t e r i s t i c s .  The d u r a b i l i t y - p l a s t i c i t y  c l a s s i f i c a t i o n  system  
r a te s  th e  s h a le s  based on two q u a n t i t a t iv e  la b o ra to ry  t e s t s ,  th e  
A tte rb e rg  L im its  t e s t s  and s i a k e - d u r a b i l i ty  t e s t s  (F ra n k lin  and 
Chandra, 1971). T his has become the  most g e n e ra l ly  accep ted  
c l a s s i f i c t i o n  o f sh a le s  f o r  e n g in ee rin g  p u rp o ses . The b e n e f i t s  o f 
t h i s  system  over p re v io u s  m easures o f  s l a k e - d u r a b i l i ty  ( P h i lb r ic k ,  
1950, F is h e r ,  1968, M e llin g e r , 1969, Flem ing e t . a l . , 1970, L u tto n ,
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1970, R eidenour, 1970, Woo.d and Deo, 1975) i s  th a t  th e  degree  o f 
s la k in g  i s  r ig o ro u s ly  q u a n t i f i e d .  A ll o th e r  m easures o f  s la k in g  
r e l i e d  on s u b je c t iv e  v is u a l  d e s c r ip t io n s  o f th e  c o n d itio n  o f th e  
sh a le  sam ples a t  v a r io u s  tim es a f t e r  immersion in  w ater o r o th e r  
s o lu t io n s  such as e th e ly n e  g ly c o l  (R eidenouer, 1970) o r sodium 
s u l f a t e  (ASTM C 88-63).
The Mancos S h a le , and s p e c i f i c a l l y  th e  Mancos S hale  a t  th e  PNM low er 
r e s e r v o i r  a re a , has p r o p e r t ie s  th a t  would c l a s s i f y  i t  as m oderate 
when compared to  o th e r  s h a le s .  The p l a s t i c i t y  index  and second c y c le  
s la k e - d u r a b i l i ty  index  o b ta in e d  f o r  Mancos S hale  sam ples b o th  in  t h i s  
s tu d y  and in  th e  l i t e r a t u r e  (Gamble and D eere, 1972) in d ic a te  th a t  
th e  Mancos S h a le  shou ld  be c l a s s i f i e d  as  a  medium to  h ig h  d u r a b i l i t y ,  
medium p l a s t i c i t y  s h a le .  T his compares w ith  o th e r  s h a le s ,  such as 
th e  P ie r r e ,  Bearpaw and C la g g e tt S h a le s , which have low r a t in g s  in  
both  c a te g o r ie s .  The s h e a r  s t r e n g th  o f  th e  Mancos S ha le  a t  th e  PNM 
low er r e s e r v o i r  i s  in  th e  m iddle o f  th e  range o f  v a lu e s  re p o r te d  fo r  
s im i la r  C re taceous m arine s h a le s  in  s e v e ra l  p a r t s  o f  th e  c o u n try . 
The sh e a r  s t r e n g th ,  assum ing no co h es io n , re p o r te d  f o r  th e se  s h a le s  
ran g es  from r e s id u a l  f r i c t i o n  a n g le s  o f  f iv e  to  n in e  deg rees  f o r  th e  
P ie r r e ,  Bearpaw and C la g g e tt S h a le s  (Banks, 1971), to  f r i c t i o n  a n g le s  
o f  9 «5 to  39*2 f o r  th e  P epper, Del Rio and Eagle Ford S h a le s  o f  th e  
Texas G ulf c o a s ta l  p la in  re g io n . The sh e a r  s t r e n g th  o f  P ie r r e  S hale  
determ ined  by s tu d ie s  a t  th e  Oahe Dam n ea r P ie r r e ,  South D akota, was
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a f r i c t i o n  an g le  o f 8 .5  d eg rees  and co h esio n  in te r c e p t  o f 300 pounds 
p e r  sq u are  f o o t .  E x ten s iv e  la b  t e s t i n g  o f  th e  Pepper S hale  f o r  th e  
Waco Dam in  Texas in d ic a te d  th a t  th e  f r i c t i o n  an g le  was 14 d eg rees  
and th e  co h esio n  in te r c e p t  was betw een 300 and 800 pounds p e r  sq u are  
f o o t .
S ta b le  s lo p e s  in  th e se  s h a le s  vary  w idely  w ith  th e  sh e a r  s t r e n g th s .  
G e n e ra lly , th e  Mancos S hale  cau ses  problem s because o f  i t s  ex pansive  
b eh av io r ex p re ssed  in  lo c a l iz e d  zones in  c u t s e c t io n s  o r a t  c u t - f i l l  
t r a n s i t i o n  a re a s  (L u tto n , 1977). S ta b le  s lo p e s  between s ix  and 25 
d eg rees a re  re p o r te d  f o r  s lo p e s  betw een 100 and 500 f t .  h ig h  in  th e  
P ie r r e ,  Bearpaw and C la g g e tt S h a le s  (Banks, 1971). S lopes o f  lo w est 
h e ig h t e x h ib ite d  th e  h ig h e s t  s t a b l e  s lo p e  an g le s  in  th e se  a r e a s .
LOWER RESERVOIR DESCRIPTION 
G enera l
The low er r e s e r v o i r  i s  ap p ro x im a te ly  two m ile s  n o r th e a s t  o f  S eb o y e ta , 
n o r th e a s t  V a len c ia  C ounty, New M exico. The a re a  covers  ab o u t 1.5 
sq u are  m ile s . The re g io n  i s  ex trem ely  a r i d .  V e g e ta tio n  w ith in  th e
lo v e r  r e s e r v o i r  c o n s is t s  o f  s p a r s e  sage b ru sh , c a c tu s  and some sm all 
t r e e s  n e a r  ephem eral s tre am s .
The morphology o f th e  low er r e s e r v o i r  a re a  i s  c h a r a c te r iz e d  by mesa
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and canyon lan d fo rm s . The d i r e c t io n  o f  canyon developm ent ap p ea rs  to  
be j o i n t  c o n t r o l le d .  E x is t in g  canyons rough ly  fo llo w  two o rth o g o n a l, 
n e a r  v e r t i c a l  j o i n t  s e t s  in  th e  a r e a .  E le v a tio n  change in  th e  canyon 
av erag es  250 f t .  The canyon s lo p e s  a re  d iv id e d  in to  two d i s t i n c t  
segm ents which c o r r e la t e  to  l i th o lo g y  (F ig u re s  3 and 4 ) .  The low er 
h a l f  o f  th e  s lo p e s  range from 20 to  35 deg rees and a re  covered  w ith  a 
v a r ia b le  th ic k n e s s  o f  c o l lu v ia l  m a te r ia l .  The upper p o r t io n  o f  th e  
s lo p e s  i s  n e a r  v e r t i c a l  and has no r e s id u a l  c o v e r . These two s lo p e  
segm ents co rresp o n d  to  u n d e rly in g  Mancos S h a le  and G allup  Sandstone 
r e s p e c t iv e ly .
S tr a t ig ra p h y
Two s t r a t i g r a p h ie  u n i t s  e x i s t  a t  th e  low er r e s e r v o i r .  These a re  th e  
Mancos S h a le  and o v e rly in g  G allup  S an dstone . Both u n i t s  a re  o f  L a te  
C re taceo u s age and a re  c u t by d iab ase  d ik es  o f  P lio ce n e  ag e . The 
s t r a t i g r a p h ie  r e la t io n s h ip  and d e s c r ip t io n  o f  th e se  and o th e r  ro ck s  
in  th e  v i c i n i t y  o f  th e  low er r e s e r v o i r  a re  shown in  F ig u re  5 .
The Mancos S ha le  i s  a  dark  g ray  to  b la c k , s o f t  to  m odera tely  h a rd , 
th in ly  lam in a ted  s h a le  w ith  th in  sandy, s i l t y  and lim ey beds re a ch in g  
th ic k n e s s e s  o f  two f e e t .  A 10 to  15 fo o t  th ic k  zone o f  a l t e r n a t in g  
sa n d s to n e , s i l t s t o n e ,  s h a le  and lim e s to n e  beds l i e s  ap p ro x im ate ly  25 
to  30 f e e t  below th e  c o n ta c t  w ith  th e  G allup  S an d sto n e . T h is  zone i s
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FIGURE 3
Looking south a t s lo p es  along the eastern  
s id e  o f the lower reserv o ir  area.
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FIGURE 4
Looking southwest a t s lo p es  along the western  
































dark brownish-black, fine grained, moderately 
fractured, three to eight feet thick.
. dark gray, fine grained to aphanitic, slightly vesicular 
/  basalt, approximately 150 ft thick.
light pinkish-brown with medium sand to silt size lithic 
clasts pumice fragments, quartz and feldspar fragments, 
approximately 20 ft thick.
light greenish gray to light yellowish gray fine to medium 
grained sandstone
greenish gray to brown shale interbedded with light gray 







brownish-gray to light yellowish-brown fine to medium grained 
sandstone, 110 ft thick.
light gray to light yellowish gray siltstone and fine grained 
silty sandstone, 380 ft. thick.
light gray to light yellowish gray siltstone and fine 
grained silty sandstone, 380 ft. thick.
GALLUP
SANDSTONE
'massive buff colored medium grained sandstone, 
85 ft. thick.




black to gray friable shale, numerous septarian concretions are 
mostly rounded fine grained sandstone with fractured crystalline 
calcite 2 in to 3 ft. across, approximately 750 ft. thick.
(FROM WOODWARO-CLYDE, 1978)








more r e s i s t a n t  th an  Mancos S h a le  beds above and below and th e r e f o r  
form s a d i s t i n c t  led g e  th ro u g h o u t th e  low er r e s e r v o i r  a r e a .  T his 
r e s i s t a n t  ledge  i s  c a l le d  th e  p la ty  san d sto n e  ledge in  su b sequen t 
d is c u s s io n s  because o f th e  unique w eath e rin g  o f th e  upperm ost 
san d sto n e  bed in to  la rg e  f l a t  p l a t e s .  Numerous s e p ta r ia n  c o n c re tio n s  
a re  found re a c h in g  a maximum dim ension o f  fo u r  f e e t .  The Mancos 
S h a le  i s  h ig h ly  f o s s i l i f e r o u s  in  some beds. J o in t s  a re  w e ll 
developed , spaced  from l e s s  than  one in ch  to  th re e  f e e t ,  p la n a r  to  
curved  o r wavy, t i g h t  to  open, and g e n e ra l ly  s l i g h t l y  to  m o d era te ly  
w eathered  w ith  iro n  ox ide  c o a tin g  and s t a in in g .  J o in t s  a re  commonly 
f i l l e d  w ith  gypsum to  0 .5  in c h es  th ic k .  The t o t a l  th ic k n e s s  o f 
Mancos S hale  in  t h i s  a re a  i s  approx im ate ly . 750 f e e t  (Woodward-Clyde 
C o n su lta n ts , 1978).
The G allup  S andstone i s  a  b u ff  to  ta n , m o dera te ly  h a rd , p o o rly  to  
m odera te ly  cem ented, f in e  to  medium g ra in e d , m assive san d s to n e . 
J o in t s  a re  w e ll developed , spaced  from 0 .5  to  15 f e e t ,  p la n a r  to  
s l i g h t l y  curved  o r u n d u la tin g , t i g h t  to  s l i g h t l y  open, and f r e s h  to  
s l i g h t l y  w eathered  w ith  iro n  ox ide  s t a i n .  The t o t a l  th ic k n e s s  o f  th e  
G allup  Sandstone a t  th e  low er r e s e r v o i r  i s  ap p ro x im ate ly  85 f e e t  
(Woodward-Clyde C o n s u lta n ts , 1978).
The d iab ase  d ikes a re  dark  b ro w n ish -b lack , h a rd , f in e  g ra in e d , 
m odera te ly  f r a c tu r e d  and v ary  from th re e  to  e ig h t  f e e t  th ic k .
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R egional Geology and T e c to n ic  S e t t in g
The PNM Pumped S to rag e  P r o je c t  i s  w ith in  th e  Acoma Sag a t  th e  
s o u th e a s te rn  m argin o f  th e  San Juan B asin  as shown in  F ig u re  6 
(K e lle y , 1951). The San Juan  B asin  i s  com prised o f  sed im en tary  ro ck s  
d e p o s ite d  in  th e  la rg e  i n t e r i o r  g eo sy n c lin e  which t r a n s e c te d  much o f 
th e  w este rn  N orth American c o n tin e n t  du rin g  l a t e  C re taceo u s tim e 
(M olenaar, 1977, Woodward and C a lle n d e r , 1977).
The San Juan  B asin  i s  p a r t  o f  th e  e a s te rn  C olorado P la te a u , an a re a
th a t  i s  m o dera te ly  deform ed compared to  defo rm ation  in  su rro u n d in g
i
a r e a s .  I t  i s  b o rd ered  to  th e  sou thw est by th e  C o rd i l le ra n  F o ld b e lt  
and to  th e  s o u th e a s t  by th e  Puerco F a u l t  Zone. The ro c k s  in  th e  s i t e  
a re a  a re  r e l a t i v e l y  u n d is tu rb e d , ev idenced  by a la c k  o f  f a u l t i n g  and 
n e a r ly  h o r iz o n ta l  d ip .
The s t r a t i g r a p h ie  u n i t s  in  th e  v i c i n i t y  o f  th e  low er r e s e r v o i r  a re  
th e  Mancos S h a le , G allup  S andstone , C revasse  Canyon F orm ation , P o in t 
Lookout S andstone , b a s a l t ,  t u f f  and a l l u v i a l  d e p o s its  (Woodward-Clyde 
C o n su lta n ts , 1978). The s t r a t i g r a p h ie  r e la t io n s h ip  and a b r i e f  
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S i te  Geology
Bedrock G eology. The bedrock geology a t  th e  low er r e s e r v o i r  i s  
shown in  P la te  1. The g e o lo g ic  s t r u c tu r e  c o n s is t s  o f e s s e n t i a l l y  
f l a t - l y i n g  sed im en ta ry  ro c k s , san d sto n e  and s h a le .  Measurement o f 
th e  n e a r ly  h o r iz o n ta l  bedding  w ith  a Brunto n  compass i s  d i f f i c u l t  and 
somewhat in a c c u r a te .  S te ro g ra p h ic  p ro je c t io n  o f  42 m easurem ents o f 
bedding o r ie n ta t io n  in  th e  low er r e s e r v o i r ,  shown in  F ig u re  7 , 
in d ic a te s  t h a t  a l l  bedding a t  th e  low er r e s e r v o i r  i s  h o r iz o n ta l  w ith  
an eq u a l s c a t t e r  o f  te n  d eg rees  in  a l l  d i r e c t i o n s .  S im ila r  a n a ly s is  
o f 18 m easurem ents o f s h a le  la m in a tio n  o r ie n ta t io n  in d ic a te s  th a t  th e  
Mancos S hale  i s  h o r iz o n ta l  and 24 m easurem ents o f  G allup  Sandstone 
bedding in d ic a te s  t h a t  th e se  beds a re  h o r iz o n ta l .  O ther work a t  th e  
low er r e s e r v o i r  (Woodward Clyde C o n su lta n ts , 1978) concluded th a t  th e  
average  o r i e n ta t io n  o f  G allup  S andstone  beds i s  N55E d ip p in g  100 f t .  
p e r  m ile  (one deg ree) to  th e  n o rth w e s t.
S e v e ra l s te e p e r  d ip s  were m easured in  Mancos S hale  bedding in  th e  
n o r th e a s te rn  p o r t io n  o f  th e  low er r e s e r v o i r .  These s te e p e r  d ip s ,  
shown on P la te  1, range from 11 to  24 d e g re e s . Two s t r u c t u r a l  
i n t e r p r e t a t i o n s  a re  p o s s ib le  fo r  th e se  s te e p e r  d ip s :  1) they  a re
a s s o c ia te d  w ith  fo ld in g  or f a u l t in g  r e l a t e d  to  th e  te c to n ic  
developm ent o f  th e  a r e a ,  o r 2) they  a re  th e  r e s u l t  o f  lo c a l iz e d ,  
s o f t  sed im ent d e fo rm a tio n s  t h a t  o ccu rred  a s  th e  s h a le  was d e p o s ite d .
ER-2435 20
□ MAXIMUM -  82%
O MINIMUM = 0.001%
CONTOUR INTERVAL -  10% 













S e v e ra l o b s e rv a tio n s  su g g es t th a t  th e  l a t t e r  i s  th e  c o r r e c t  
i n t e r p r e t a t i o n .  These o b s e rv a tio n s  in c lu d e :
o The d i s t i n c t  m arker bed in  th e  Mancos S h a le , c a l le d  th e  
p la ty  san d sto n e  in  t h i s  work, i s  undeformed and fo llo w s  th e  
g e n e ra l ,  g e n tle  d ip  o f  th e  u n i t s  th ro u g h o u t th e  a r e a .
o The s t r i k e  d i r e c t io n s  o f  th e  s te e p e r  beds do n o t su g g es t 
fo ld in g  and th e  p la ty  san d sto n e  a d ja c e n t to  th e se  s te e p e r
beds i s  n o t o f f s e t  by f a u l t i n g .
o D e ta ile d  mapping by o th e r s  in  th e  t e s t  a d i t  d id  n o t re v e a l  
fo ld s  o r  f a u l t s  in  th e  Mancos S h a le . The a d i t  i s  in c l in e d  
g e n tly  downward to  th e  n o rth w est descend ing  th rough  th e  
p la ty  sa n d s to n e . The e le v a t io n  o f  th e  p la ty  san d s to n e  in
th e  t e s t  a d i t  con firm s a very  g e n t le  n o r th w e s te r ly  d ip  to  
Mancos S ha le  bedding when c o r r e la te d  to  o u tc ro p  e le v a t io n s  
a d ja c e n t  to  th e  t e s t  a d i t .
Because o f th e  o b s e rv a tio n s  above , i t  i s  su g g es ted  th a t  th e  c o r r e c t
in t e r p r e t a t i o n  o f  s te e p e r  Mancos S hale  beds in  th e  n o r th e a s te rn
p o r t io n  o f th e  low er r e s e r v o i r  i s  th a t  th e se  beds were formed by 
lo c a l iz e d ,  s o f t  sed im ent slum ping and d efo rm ation  as  th e  s h a le  was 
d e p o s ite d .
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Two d ia b a se  d ik e s  were mapped in  th e  low er r e s e r v o i r  and a re  shown in  
P la te  1. These d ik es  ap p ear to  have fo llow ed  th e  o r ie n ta t io n  o f  one 
o f  th e  m ajor j o in t  system s a t  th e  s i t e .  They a re  n e a r ly  v e r t i c a l ,
t re n d  ap p ro x im a te ly  N15E, and a re  th r e e  to  e ig h t  f e e t  w ide.
A t o t a l  o f  298 re a d in g s  were taken  o f  jo in t s  in  Mancos S h a le  and
G allup  S an d sto n e . These a re  summarized in  Schmidt d iagram s in  
F ig u re s  8 , 9 , and 10. A ll p lo t s  in d ic a te  th re e  w e ll-d e v e lo p e d ,
n e a r ly  o rth o g o n a l j o i n t  s e t s  in  bo th  th e  Mancos S hale  and G allup  
S an d sto n e . The p r e f e r r e d  o r ie n ta t io n  o f  th e se  th re e  j o i n t  s e t s  i s :  
N13E/90, N88W/90, N86W/4N f o r  a l l  j o i n t s ;  N12E/84NW, N87W/5N, N88W/90 
in  th e  G allup  S andstone; and N12E/90, N55W/3NE, N67E/90 in  th e  Mancos 
S h a le . J o in t s  in  th e  G allup  S andstone a re  g e n e ra l ly  p la n a r  to  
s l i g h t l y  curved  or wavy, l a t e r a l l y  e x te n s iv e , c le a n  to  s l i g h t l y  
w eathered  w ith  i ro n  ox id e  s ta in in g  and a re  spaced  from s ix  in ch es  to  
g r e a te r  than  15 f e e t  a p a r t ,  b u t th e  sp ac in g  av erag es  3 to  5 f e e t .  
J o in t s  in  th e  Mancos S ha le  a re  g e n e ra l ly  p la n a r  to  s l i g h t l y  curved  o r 
wavy, somewhat d is c o n tin u o u s , s l i g h t l y  to  m odera te ly  w eathered  w ith  
heavy iro n  ox ide  s ta in in g  and c o a t in g .  They o f te n  have up to  0 .5  in .  
o f  gypsum f i l l i n g  and a re  spaced  from 0.05  to  3 f t . ,  av e rag in g  0 .2  f t .
No f a u l t s  were found w ith in  th e  low er r e s e r v o i r .  The c lo s e s t  mapped 
f a u l t  i s  ap p ro x im a te ly  1 m ile  n o r th e a s t  o f th e  low er r e s e r v o i r  a re a  
(Woodward Clyde C o n su lta n ts , 1978). T h is norm al f a u l t  tre n d s
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O MAXIMUM -  16%
OMINIMUM -  0.001%
CONTOUR INTERVAL = 2% 













Q MAXIMUM = 14%
O MINIMUM -  0.001%
CONTOUR INTERVAL = 2% 
















0  MAXIMUM = 20%
0  MINIMUM = 0.001%
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n o r th - s o u th  and d ip s  60 d eg rees  to  th e  w est. I t  has been mapped fo r  
two m ile s  b e fo re  le a v in g  th e  a re a  o f  s tu d y , th e r e f o r  th e  t o t a l  t r a c e  
le n g th  o f  t h i s  f a u l t  i s  n o t known. T h is  f a u l t  i s  mapped c u t t in g  
Mancos S h a le , G allup  S an d sto n e , th e  D ilco  Coal Member o f th e  C revasse 
Canyon F orm ation , and th e  M u latto  Tongue o f  th e  Mancos S h a le . I t  
does n o t c u t th e  o v e rly in g  te r r a c e  g r a v e ls .
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S u r f i c i a l  G eology. The s u r f i c i a l  geology a t  th e  low er r e s e r v o i r
i s  shown in  P la te  2 . Three m ajor s u r f i c i a l  g e o lo g ic  u n i t s  were
mapped; a llu v iu m , co lluv ium , and l a n d s l id e s .
The a llu v iu m  i s  ty p i c a l ly  s i l t ,  s i l t y  sand and f in e  sand w ith  some 
le n s e s  o f  b o u ld e rs , co b b les  and g ra v e l .  The c o a r s e r  le n s e s  commonly 
c o n s is t  o f rounded b a s a l t  p a r t i c l e s .  The th ic k n e s s  o f  th e se  a l l u v i a l  
d e p o s its  i s  h ig h ly  v a r ia b le ,  ra n g in g  from 10 to  30 f t .  The a llu v iu m  
i s  co n fin ed  to  broad f l a t  t e r r a c e s  and s tream  beds in  th e  low er
r e s e r v o i r  a r e a .
The co llu v iu m  i s  e s s e n t i a l l y  san d sto n e  d e b r is  d e riv e d  from th e  G allup  
Sandstone and c o n s is t s  o f  b locky  b o u ld e rs , cobb les and g ra v e l w ith  a 
m a tr ix  o f  sand and s i l t .  The e s tim a te d  th ic k n e s s  o f th e  co lluv ium  
ran g es  from z e ro  to  20 f t .  The co lluv ium  i s  found on a l l  r e s e r v o i r  
s lo p e s  between th e  G allup/M ancos c o n ta c t  and th e  a l l u v i a l  t e r r a c e s .
The la n d s l id e s  a re  c l a s s i f i e d  by th re e  groups :
1) Large b lo c k s  o f  G allup  S andstone which have to p p le d  due to
u n d e rc u ttin g  from e ro s io n  o f  th e  u n d e rly in g  Mancos S h a le .
\
These to p p led  b lo ck s  a r e  found n ear th e  G allup/M ancos
c o n ta c t .  Many la rg e  G allup  S andstone b lo ck s  a re  in  a  s t a t e  
o f  i n c ip ie n t  to p p lin g  f a i l u r e  around th e  r e s e r v o i r  rim .
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2) Slumping and shallow  s l id e s  in  co lluv ium  on th e  r e s e r v o i r  
s lo p e s  below th e  G allup  Sandstone/M ancos Shale  c o n ta c t .  
Some s l i d e  s c a r s  ex ten d  from th e  p la ty  san d sto n e  led g e  above 
th e  Mancos S h a le  to  th e  to e  o f th e  s lo p e . W eathered Mancos 
S h a le  i s  exposed in  th e se  s c a r s .  These s l id e s  a re  up to  100 
f t .  wide and a re  found where s tream s have u n d e rcu t th e  to e  
a r e a .
3) T oppling  o f  la rg e  G allup  S andstone b lo ck s  which have slumped 
and r o ta te d  so t h a t  th e  o r ig i n a l ,  n e a r ly  h o r iz o n ta l  beds d ip  
from 5 to  25 deg rees  in to  th e  s lo p e . The dep th  and e x te n t  
o f th e  r o t a t i o n a l  s l i p  s u r fa c e s  o f th e se  s l id e s  a re
d i f f i c u l t  to  d e te rm in e , b u t a re  p ro b ab ly  q u i te  shallow  in  
th e  Mancos S h a le  below th e  r o ta te d  G allup  Sandstone b lo c k s . 
These la n d s l id e s  a re  found a t  and im m ediately  below th e
G allup/M ancos c o n ta c t  th ro u g h o u t th e  r e s e r v o i r  a r e a .
E x is t in g  S lopes in  th e  R ese rv o ir  A rea. S lope a n g le s  o f  e x is t in g
r e s e r v o i r  a re a  s lo p e s  a re  shown in  P la te  3 . The s lo p e  a n g le s
summarized in  t h i s  f ig u r e  a re  th e  r e s u l t  o f  an a tte m p t to  q u a n tify
th e  e x i s t in g  r e s e r v o i r  s lo p e s  by: 1) d i r e c t  measurement in  th e  f i e l d  
u sin g  a Brun to n  compass and, 2) u s in g  th e  to p o g rap h ic  base map.
Seven s e c t io n s  were m easured in  th e  f i e l d  a t  s e le c te d  lo c a t io n s
th ro u g h o u t th e  low er r e s e r v o i r  a r e a .  S lope a n g le s  were de term ined
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from th e  to p o g rap h ic  map fo r  184 s e c t io n s  tak en  norm al to  th e
r e s e r v o i r  a re a  s lo p e s .  These 184 s e c t io n s  were e q u a lly  spaced  a t  100
f t .  i n t e r v a l s  around th e  e n t i r e  r e s e r v o i r  p e r im e te r . These s lo p e
a n g le s  were determ ined  fo r  th e  p o r t io n  o f  s lo p e s  betw een e le v a t io n  
6575 and 6490 fo r  a l l  184 s e c t io n s .  T his range co rre sp o n d s to
e le v a t io n s  10 f t .  above th e  p roposed  h ig h  w ater l e v e l  and 10 f t .
below th e  proposed low w a ter l e v e l  in  th e  low er r e s e r v o i r .  These 
s lo p e s  were o f  p rim ary  i n t e r e s t  fo r  subsequen t s lo p e  s t a b i l i t y  
a n a ly s e s . The c a lc u la te d  s lo p e  a n g les  were th en  smoothed u sin g  th e
C olorado School o f  Mines Geology Computer L ib ra ry  Program , SMOOTH. 
The s lo p e  map (P la te  3) i s  based  on sev en -te rm  smoothed d a ta  fo r
low er r e s e r v o i r  a re a  s lo p e s .  Comparison o f  th e  c a lc u la te d  s lo p e  
a n g le s  to  th e  s lo p e  an g les  m easured in  th e  f i e l d ,  in d ic a te s  c lo se
agreem ent between th e  two m ethods. D if fe re n c e s  in  c a lc u la te d  and
m easured s lo p e  a n g le s  a t  th e  seven lo c a t io n s  m easured in  th e  f i e l d
ranged  between z e ro  and f iv e  d e g re e s .
A n a ly s is  o f  th e  sev en -te rm  smoothed s lo p e  a n g le s  su g g e s ts  t h a t  th e
r e s e r v o i r  a re a  s lo p e s  a re  somewhat asym m etric. W es t-fac in g  s lo p e s
a re  g e n e ra l ly  s te e p e r  th an  e a s t - f a c in g  s lo p e s . Almost a l l  e x is t in g  
s lo p e s  g r e a te r  th an  30 d eg rees  a re  w e s t- fa c in g  s lo p e s .
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CASE HISTORY RESERVOIR INSPECTIONS
The o b je c t iv e  o f  t h i s  phase o f  th e  work was to  lo c a te  and make 
o n - s i t e  in s p e c t io n s  o f  f iv e  e x i s t in g  r e s e r v o i r s  which had s im i la r  
c o n d itio n s  to  those  a n t ic ip a te d  a t  th e  low er r e s e r v o i r  a t  th e  
S eboyeta  s i t e .  The im p o rtan t c h a r a c t e r i s t i c s  were: 1) Mancos S h a le
around a p o r t io n  o f  th e  r e s e r v o i r  p e r im e te r , 2) s i g n i f i c a n t  w a ter 
l e v e l  f lu c tu a t io n  w ith in  th e  r e s e r v o i r ,  p r e fe ra b ly  w ith  a  ra p id  
drawdown c o n d it io n , and 3) a v a i la b le  e n g in e e r in g , c o n s tru c tio n  
s u r v e i l l a n c e ,  and m o n ito rin g  d a ta  p e r ta in in g  to  perform ance and 
tre a tm e n t o f  r e s e r v o i r  s lo p e s  u n d e r la in  by Mancos S h a le .
The sea rch  fo r  p o s s ib le  e x i s t in g  r e s e r v o i r s  to  s a t i s f y  th e  above 
c r i t e r i a  began w ith  i d e n t i f i c a t i o n  o f  la k e s  o r r e s e r v o i r s  lo c a te d  
w ith in  Mancos S h a le  o u tc ro p  a re a s  on the  g e o lo g ic  maps o f  C olorado 
and New Mexico (Dane and Bachman, 1965, Tweto, 1979). An e x te n s iv e  
l i s t  was com piled from th e  S ta te  E n g in e e r 's  O ff ic e , S ta te  o f 
C o lo rado . T his l i s t  c o n ta in ed  ponds, la rg e  i r r i g a t i o n  c a n a ls , 
r e s e r v o i r s  and la k e s  in  th e  g e n e ra l  a re a  o f  Mancos S h a le  o u tc ro p s  in  
w este rn  C olorado . R esp o n sib le  a g en c ie s  o r owners were c o n ta c te d  to  
d e term in e  w hether: 1) th e  r e s e r v o i r s  were w ith in  Mancos S h a le , 2)
th e r e  was any w a te r l e v e l  f lu c tu a t io n ,  3) th e re  were any re c o rd s  
a v a i l a b le ,  and 4) a cc e ss  was p o s s ib le  fo r  s i t e  in s p e c t io n s .  T h is  
g e n e ra l  s e a rc h  re v e a le d  th a t  s e v e ra l  r e s e r v o i r s  c o n s tru c te d  a n d /o r 
c u r r e n t ly
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o p e ra te d  by th e  W ater and Power R esources S e rv ic e  (WPRS), b e s t  
s a t i s f i e d  th e  re q u ire m e n ts  fo r  t h i s  s tu d y . P a r t i c u la r y ,  th e  a rc h iv e  
l i b r a r y  and p r o je c t  f i l e s  which were a v a i la b le  f o r  s tudy  a t  th e  
Denver F e d e ra l  C en ter p ro v id ed  more in fo rm a tio n  than  was a v a i la b le  
fo r  o th e r  p o s s ib le  r e s e r v o i r s .  F ive  r e s e r v o i r s  were s e le c te d  fo r  
s i t e  v i s i t s :
o E l Vado R e se rv o ir , Rio A rrib a  County, New Mexico 
o Jackson  Gulch R e se rv o ir , Montezuma County, C olorado 
o Crawford R e se rv o ir , D e lta  County, C olorado 
o R if le  Gap R e s e rv o ir , G a r f ie ld  County, C olorado 
o Green M ountain R e s e rv o ir , Summit County, C olorado
The lo c a t io n s  o f  th e se  r e s e r v o i r s  a re  shown in  F ig u re  11. A ll 
r e s e r v o i r s  have Mancos S h a le  around a t  l e a s t  a  p o r t io n  o f t h e i r  
p e r im e te r , ex cep t fo r  Green M ountain R e se rv o ir , vrtiich i s  u n d e r la in  by 
P ie r r e  S h a le , a l a t e r a l  s t r a t i g r a p h i e  e q u iv a le n t  to  th e  Mancos S ha le  
in  C olorado .
One day in s p e c tio n  v i s i t s  were a rra n g ed  to  each o f  th e se  r e s e r v o i r s .  
The o b je c t iv e s  o f  each in s p e c t io n  were to :  1) m easure s lo p e  a n g le s
in  Mancos S h a le , bo th  above and below th e  r e s e r v o i r  h igh  w ater 
l e v e l ,  2) make o b s e rv a tio n s  o f  e ro s io n  a rd  sh a le  d e te r io r a t io n  a t  
and below th e  h ig h  w a ter l e v e l ,  3) ta k e  r e p r e s e n ta t iv e  sam ples o f 
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la b o ra to ry  t e s t i n g ,  4) o b se rv e , d e sc r ib e  and map any e x is t in g  
la n d s l id e s  in  th e  Mancos S h a le  a t  each r e s e r v o i r ,  5) d is c u s s  
m ain tenance o r o p e ra t io n a l  problem s r e s u l t in g  from th e  Mancos S hale  
s lo p e s  w ith  p e rso n n e l in  th e  r e g io n a l  o f f ic e s  o f WPRS a n d /o r  th e  
c a r e ta k e r s  a t  each r e s e r v o i r ,  and 6) document a l l  o b s e rv a tio n s  w ith  
p h o to g rap h s.
In s p e c tio n  v i s i t s  were made to  each o f  th e  f iv e  r e s e r v o i r s  from Ju ly  
7 th rough  J u ly  12, 1980. The c h a r a c t e r i s t i c s  o f  th e se  r e s e r v o i r s  and 
th e  o b se rv a tio n s  made a t  each a re  summarized in  T able  1. A b r i e f  
summary o f  th e  o b s e rv a tio n s  i s  p re s e n te d  in  Appendix A.
Three o f  th e  f iv e  r e s e r v o i r s  in s p e c te d  p rov ided  u s e f u l  case  h i s t o r i e s  
to  a id  in  th e  e v a lu a tio n  o f  th e  low er r e s e r v o i r .  These were El Vado 
R e s e rv o ir , R i f le  Gap R e se rv o ir , and Green M ountain R e s e rv o ir . U sefu l 
com parison d a ta  were a l s o  o b ta in e d  from Jackson  Gulch R e se rv o ir  and 
Crawford R ese rv o ir  a lth o u g h  h ig h  w a ter l e v e l s  a t  each o f th e se  
r e s e r v o i r s  p re v e n ted  accom plishm ent o f  many o b je c t iv e s  o f  th e  v i s i t s .
Comparison o f s e v e ra l  o b s e rv a tio n s  and p h y s ic a l  p r o p e r t ie s  t e s t s  
in d ic a te s  a re a so n a b le  c o r r e la t io n  o f  b o th  th e  i n t a c t  s h a le  and th e  
o v e rly in g  c o l lu v ia l  m a te r ia l  a t  each r e s e r v o i r .  The l i t h o lo g i e  
d e s c r ip t io n s  o f th e  s h a le  a re  ve ry  s im ila r  a t  each r e s e r v o i r .  A ll 
s h a le s  e x h ib i t  l i t h o lo g i e  v a r i a t io n  w ith in  th e  exposed s e c t io n  b u t
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a l l  a re  b a s ic a l ly  dark  gray  to  b la c k , s o f t  s h a le s  w ith  th in  beds o f 
san d s to n e , s i l t s t o n e  and lim e s to n e  ra n g in g  up to  1.5 f t .  th ic k .
M easured s lo p e  a n g le s  a t  case  h i s to r y  r e s e r v o i r s ,  f a l l  w ith in  a 
s im i la r  ran g e , 3 to  35 d eg rees  above HWL and 13 to  24 d eg rees  below 
HWL. These v a lu e s  compare to  e x is t in g  s lo p e s  a t  th e  low er r e s e r v o i r  
which range from 9 to  39 d e g re e s . The th ic k n e s s  o f  c o l lu v ia l  
m a te r ia l  ly in g  on th e se  s lo p e s  was s im i la r  f o r  a l l  case  h is to r y  
r e s e r v o i r s ,  ran g in g  c o n s i s te n t ly  from s ix  in c h es  to  1.5 f t .  In  a l l  
c a se s  th e  c o l lu v ia l  m a te r ia l  was dry  a t  th e  s u r fa c e  and m o ist a t  
dep th s  o f  two to  th re e  in c h e s . U nderly ing  i n t a c t  sh a le  was m o is t in  
a l l  c a s e s , in c lu d in g  th e  low er r e s e r v o i r .
A d i s t i n c t  bench lo c a te d  a t  HWL was observed  a t  a l l  c ase  h i s to r y  
r e s e r v o i r s  ex cep t Jackson  Gulch and Crawford R e se rv o ir . The 
dim ensions o f  th e se  benches were s im i la r  c o n s id e r in g  th e  wide range 
in  age o f  th e  r e s e r v o i r s ,  s ix te e n  to  f o r ty - f iv e  y e a r s .  The HWL bench 
ranged  from th re e  to  10 f t .  in  h e ig h t  and f iv e  to  15 f t .  in  w id th  and 
th e  v a r ia t io n  o ccu rred  a t  each r e s e r v o i r  r a th e r  th an  between 
r e s e r v o i r s .
A ll case  h is to r y  r e s e r v o i r s  have been o p e ra ted  c o n tin u o u s ly  and 
s u c c e s s fu l ly  f o r  betw een 16 and 45 y e a rs  w ith  only  m inor o p e ra t io n a l  
problem s r e s u l t in g  from th e  s h a le  s lo p e s . No la n d s l id e s  o f  any
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s ig n i f ic a n c e  have o c cu rred  w ith in  th e  sh a le  s lo p e s  and d e te r io r a t io n  
o f th e  sh a le  by s la k in g  o r o th e r  w eath erin g  mechanisms has n o t 
o ccu rred  a t  a  r a t e  t h a t  has c re a te d  o p e ra t io n a l  prob lem s. There i s  a 
la c k  o f  f in e s  in  th e  c o l lu v ia l  m a te r ia l  o v e rly in g  th e  s h a le  s lo p e s  
in d ic a t in g  th a t :  1) th e  decom position  o f  th e  s h a le  does n o t co n tin u e
down to  sm all c la y  p a r t i c l e s  o r ,  2) w ater l e v e l  f lu c tu a t io n  removes 
th e  f i n e r  f r a c t io n  as suspended sed im en t in  th e  r e s e r v o i r .  None o f 
th e  case  h i s to r y  r e s e r v o i r s  appeared  to  have a s i g n i f i c a n t  sed im ent 
lo a d  d u rin g  th e se  in s p e c t io n  v i s i t s .
The most s ig n i f i c a n t  d i f f e r e n c e  betw een th e  case  h i s to r y  r e s e r v o i r s  
and th e  low er r e s e r v o i r  i s  th e  drawdown r a t e  d u rin g  o p e ra t io n . A ll 
case  h i s to r y  r e s e r v o i r s  e x p e r ien c e  a c o n t in u a l ,  slow  drawdown r a t e  o f  
1 to  1.5 f t .  p e r  day th ro u g h  one an n u al c y c le . The low er r e s e r v o i r  
w i l l  ex p e rien c e  a more ra p id  drawdown o f  3 «5 f t /h o u r  which w i l l  occur 
w eekly . The e f f e c t  o f  t h i s  more ra p id  drawdown on th e  s lo p e  
s t a b i l i t y ,  a lth o u g h  co n s id e re d  in  th e  e m p ir ic a l s lo p e  s t a b i l i t y  
c a lc u la t io n ,  canno t be de term ined  w ith  th e  d a ta  a v a i la b le  and i s  th e  
rea so n  fo r  in c lu s io n  o f  c y c l ic  w e t-d ry  t e s t s  in  su g g e s tio n s  f o r  
f u tu r e  work on t h i s  p r o je c t .
The most s i g n i f i c a n t  s i m i l a r i t y  between a case  h is to r y  r e s e r v o i r  and 
th e  low er r e s e r v o i r  was o bserved  a t  E l Vado R e s e rv o ir . T h is  
s i m i l a r i t y  a t  E l Vado R ese rv o ir  o ccu rs  where th e  Greenhorn L im estone
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c ro p s  o u t im m ediately  above HWL form ing a n e a r - v e r t i c a l  c l i f f  and 
sheds t a lu s  b lo ck s  which move down th e  low er sh a le  s lo p e  to  form a 
two fo o t  th ic k  cover o f  p r o te c t iv e  c o l lu v ia l  m a te r ia l .  The low er 
s h a le  s lo p e  and c o l lu v ia l  cover have assumed an an g le  o f  24 d eg rees  
below HWL. T his i s  analogous to  th e  p la ty  san d sto n e  bed mapped a t  
e le v a t io n  6600, 35 f t .  above HWL a t  th e  low er r e s e r v o i r .  The p re s e n t  
s lo p e  c o n f ig u ra tio n  a t  E l Vado R ese rv o ir  d e sc r ib e d  above and lo c a te d  
o n e -q u a r te r  m ile  n o r th  o f  th e  r i g h t  dam abutm ent a lo n g  th e  w est 
p e r im e te r ,  i s  a  good example o f  what f u tu r e  s lo p e s  in  th e  low er 
r e s e r v o i r  may look  l i k e  a f t e r  o p e ra tio n  o f  th e  f a c i l i t y .
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LABORATORY TESTING 
In tro d u c tio n
The purpose o f th e  la b o ra to ry  t e s t in g  was to  determ ine  s t r e n g th
p a ram ete rs  and o th e r  p h y s ic a l  p r o p e r t ie s  o f  m a te r ia ls  a t  th e  PNM
low er r e s e r v o i r  and f iv e  case  h is to r y  r e s e r v o i r s .  The la b o ra to ry
te s t in g  p ro v id ed  n e c e ssa ry  d a ta  fo r  e m p ir ic a l s lo p e  s t a b i l i t y
c a lc u la t io n s ,  o th e r  e v a lu a tio n s  o f  th e  fu tu r e  r e s e r v o i r  s lo p e
perform ance, and c o r r e l a t io n  o f  th e  Mancos S h a le  c h a r a c t e r i s t i c s  a t
th e se  r e s e r v o i r s .  A summary o f  a l l  sam ples and th e  la b o ra to ry  t e s t s
perform ed on each i s  p re se n te d  in  T able  2 . The fo llo w in g  t e s t s  were
perform ed on N -s iz e  rock co re  sam ples from b o rin g s  a t  th e  low er 
«
r e s e r v o i r :
u n ia x ia l  com pressive s t r e n g th  
d i r e c t  sh e a r  s t r e n g th  
m o is tu re  c o n te n t a f t e r  t e s t i n g  
A tte rb e rg  l im i t s  
s l a k e - d u r a b i l i ty  in d ex .
The fo llo w in g  t e s t s  were perform ed on tw en ty -fo u r bag sam ples o f 
s u r f i c i a l  m a te r ia l  and i n t a c t  s h a le  from th e  low er r e s e r v o i r :  
d i r e c t  sh e a r  o f rem olded S urf i l i a l  m a te r ia l  
m o is tu re  c o n te n t a f t e r  d i r e c t  sh ea r t e s t i n g  
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m echan ical s ie v e  a n a ly s is  
s l a k e - d u r a b i l i ty  in d e x .
I n - s i t u  p u l l  t e s t s  were perform ed in  th e  f i e l d  and a r e  d e sc r ib e d  in  
d e t a i l  in  a l a t e r  s e c t io n .  They were done to  e s t im a te  th e  i n - s i t u  
s h e a r  s t r e n g th  o f r e l a t i v e l y  u n d is tu rb e d  c o l lu v ia l  m a te r ia l .
Sam pling Technique
F if te e n  co re  sam ples o f Mancos S h a le  and two co re  sam ples o f  G allup  
S andstone were taken  from s to ra g e  a t  th e  PNM w arehouse on June 27, 
1980, and tr a n s p o r te d  by c a r  to  Denver fo r  la b  t e s t i n g .  A ll c o re s  
were from b o rin g s  made a t  th e  low er r e s e r v o i r  from May 29 th rough  
J u ly  6 , 1979• The lo c a t io n s  o f  th e se  b o rin g s  a re  shown on P la te  1. 
The Mancos S ha le  co re  sam ples had been waxed im m edia te ly  a f t e r  they  
were removed from th e  g round, wrapped and s e a le d  in  p l a s t i c  bags, 
p laced  in  card b o ard  co re  boxes, and s to re d  in  th e  w arehouse.
T w enty-four bag sam ples o f  c o l lu v i a l  m a te r ia l  and u n d e rly in g  i n t a c t  
s h a le  were c o l le c te d .  The c o l lu v i a l  sam ples were taken  from e ig h t  
in c h  d ia m e te r  t e s t  p i t s  dug to  i n t a c t  s h a le  w ith  a sm all sh o v e l. The 
lo c a t io n s  o f  th e se  t e s t  p i t s  a re  shown on P la te  1 • The m a te r ia l  was 
s e a le d  in  a  p l a s t i c  bag and p la ce d  in  a  b u rla p  sack fo r  t r a n s p o r t .  
I n t a c t  s h a le  was d is lo d g e d  w ith  a  sm all sh o v el o r p ic k  and s e a le d  fo r
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t r a n s p o r t .  A pproxim ately  15 to  20 pounds o f  m a te r ia l  were sam pled a t  
each lo c t io n .
A ll sam ples were t r a n s p o r te d  to  Denver and s to re d  in  a  dry  garage 
u n t i l  la b o ra to ry  f a c i l i t i e s  became a v a i la b le  fo r  each ty p e  o f  t e s t .
U n ia x ia l Com pressive S tre n g th
S ix  Mancos S h a le  and fo u r G allup  S andstone  co re  sam ples were t e s t e d  
f o r  u n ia x ia l  com pressive s t r e n g th .  The t e s t s  were done a t  th e  
C olorado School o f  Mines (CSM) rock  m echanics t e s t in g  la b  u s in g  a 
T in iu s  O lsen  com pression t e s t i n g  m achine. The t e s t s  were perform ed 
p e r  ASTM D-2938 p ro ced u re  w ith  some e x ce p tio n s  ( I n t .  J .  Rock Mech. 
Min. S c i . , 1979, ASTM D-2938, 1980). S t r i c t  adherence  to  th e  methods 
in  ASTM D-2938 was n o t alw ays p o s s ib le  f o r  Mancos S h a le  sam ples, due 
to  t h e i r  f r a g i l e  c o n d i t io n .
Some d ry in g  had o ccu rred  d e s p i te  th e  a tte m p t to  s e a l  th e  sam ples, and 
most sh a le  sam ples had c racked  a lo n g  bedding la m in a tio n s . T h is  made 
i t  d i f f i c u l t  to  f in d  s h a le  sam ples w ith  s u f f i c i e n t  le n g th  fo r  
u n confined  com pression  t e s t i n g .  Many sam ples w ith  s u f f i c i e n t  le n g th  
i n i t i a l l y ,  b roke d u rin g  p re p a ra t io n  f o r  t e s t i n e .  S h a le  sam ples which 
were lo n g  enough to  t e s t  a f t e r  saw ing were end sanded r a th e r  than  
lap p ed  to  av o id  b reak ag e . Even w ith  c a r e f u l  p re p a ra t io n ,  none o f  th e
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s o f t  sh a le  sam ples was te s t e d  c lo se  to  i t s  " i n - s i t u 11 c o n d it io n . 
These sam ples were weakened d u rin g  s to ra g e  and p re p a ra t io n  and th e  
ends were n o t w ith in  th e  s p e c i f ie d  to le ra n c e  o f  0 .005 in c h . The 
r e s u l t s  o f  th e se  t e s t s ,  th e r e f o r ,  a re  b e lie v e d  to  re p re s e n t  a low er 
bound fo r  s t r e n g th  o f  s o f t  Mancos S h a le .
On th e  o th e r  hand, th e  sam pling p ro c e ss  may have b ia se d  th e  u n ia x ia l  
com pressive s t r e n g th  v a lu es  f o r  th e  Mancos S h a le  to  a  h ig h e r  than  
averag e  v a lu e . T h is  r e s u l t s  from th e  f a c t  th a t  on ly  co re  s t i c k s  fo u r  
in c h es  o r lo n g e r were waxed in  th e  f i e l d .  S e le c t io n  o f  waxed co re  
sam ples from th e  PNM w arehouse fav o red  th e  lo n g e s t  waxed s e c t io n s .  
T h is  sam pling method may have s e le c te d  on ly  s t ro n g e r  s h a le  and s i l t y ,  
lim ey o r sandy sh a le  as  th e se  would produce lo n g e r  co re  s t i c k s .
The r e s u l t s  o f th e se  u n ia x ia l  com pressive s t r e n g th  t e s t s  and th e  
r e s u l t s  o f  t e s t s  perform ed fo r  e a r l i e r  s tu d ie s ,  a re  p re se n te d  in  
T ab le  3* The mean v a lu e s  o f  u n ia x ia l  com pressive s t r e n g th  o b ta in e d  
from t h i s  s tu d y  a re  low er than  th e  mean v a lu e s  o b ta in e d  in  p re v io u s  
work. T h is i s  p ro b ab ly  due to  th e  d e te r io r a t io n  o f  th e  co re  sam ples 
d e sc r ib e d  above. The range o f  u n ia x ia l  com pressive s t r e n g th  v a lu e s  
o f  Mancos S h a le  from a l l  s tu d ie s  ranged  from 47 to  3930 p s i ,  th e  mean 
was 1973 p s i ,  and th e  s ta n d a rd  d e v ia t io n  abou t th e  mean was 1495 
p s i .  The v a r ia t io n  ab o u t th e  mean v a lu e  fo r  a l l  g roups o f  d a ta  i s  
h ig h , in  some c a se s  exceed ing  th e  mean. T his i s  p ro b ab ly  due to
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TABLE 3





( p s i)
COMMENTS
PNM3C- 9 7 .8 -9 8 .3 277 Mancos S hale
PNM3C- 5 8 .3 -5 8 .9 266 n
PNM3C- 8 4 .9 -8 5 .8 241 it
PNM3C-107.0-107.9 496 it
PNM3C-142.3-143.8 676 it
PNM2C-28 5 .8 -2 8 6 .9 1072 G allup  S s t .
PNM2 C-28 5 .8 -2 8 6 •9 1331 it
PNM2C-310.4 -3 1 1 .3 1128 it
Mancos S h a le : mean = 391, s td . dev . = 189
PNM1C- E l. 6494.5 1375 Mancos S h a le .
PNM1C- E l .  6432.0 906 it
PNM2C- E l. 6497 1240 it
PNM2C- E l .  6390 1170 it
mean = 1173, s td . dev. = 197
PNM2C-38 9•9-39 0 .4 2090 Mancos S hale







PNM2C-47 3 .0 -4 7  3•4 2460 it
PNM2C-473.5-473-8 2520 it
PNM2C-477.5 -4 7 7 .8 27 30 it
PNM2C-478.6-478.9 2270 it
PNM2C-480.0 -481 .1 1780 it
PNM2C-480.0 1780 »
PNM2C-482.2-482.5 2490 it
T h is  study*
A tkinson-N oland 
& A s s o c ia te s , 
I n c . ,  1979
A tk inson-N oland 
& A ss o c ia te s , 
I n c . ,  1980
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TABLE 3 (c o n t .)
UNIAXIAL COMPRESSIVE STRENGTH TEST SUMMARY
UNIAXIAL
SOURCE SAMPLE NUMBER COMPRESSIVE COMMENTS
STRENGTH
( p s i)
A tkinson-N oland 
& A s s o c ia te s , 
I n c . ,  1980 
(c o n tin u e d ) PNM2C-483.0 - 4 8 3 .4 3240 11
PNM2 C -4 8 3 •4 -4 8  3 •8 2610 11
PNM2C-48 3 •9 -4 8  4 .3 2660 11
PNM2C-485.4 - 4 8 5 .7 2030 11
PNM2C-486.5 1550 11
PNM2C-487.0 - 4 8 7 .4 1560 it
PNM2C-488.2 2240 11
PNM2C-490.5 2530 11
PNM2C-491 .8 1930 11
PNM 2C-492.3 -4 9 2 .6 2710 11
PNM 2C-493.3 -4 9 3 .7 1200 it
PNM2C-500.1 1860 11
PNM 2C-509.3 -5 1 0 .0 3770 11
PNM 2C-509.3 -5 1 0 .0 3850 11
PNM2C-518.4 3280 11





PNM2C-590 .7 - 5 9 1 .7 2430 it
PNM2C-590.7 4310 11
PNM2C-595.5 2130 11
PNM3C- 7 8 .0 - 7 8 .7 820 it
PNM3C- 7 8 .0 - 7 8 .7 890 11
PNM3C-13 6 .2 - 1 3 7 .0 840 11
PN M 3C -165 .0-165 .9 1020 11
PNM3C-1 8 3 .9 -1 8 4 .9 1160 11
PN M 3C -183 .9-184 .9 1170 11
PNM 3C-211.0 - 2 1 1 .7 2480 11
PN M 3C-233.1 -2 3 4 .2 880 it
PN M 3C-233.1 -2 3 4 .2 1160 «
mean = 2640, s td .  dev . = 1939
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TABLE 3 (c o n t .)
UNIAXIAL COMPRESSIVE STRENGTH TEST SUMMARY
UNIAXIAL
SOURCE SAMPLE NUMBER COMPRESSIVE COMMENTS
STRENGTH
( p s i)
C o n f id e n tia l  
R eport to  
Nearby Mine
Woodward-Clyde 
C o n s u lta n ts , 1978
834 C la y -r ic h  to  
m odera te ly  






mean = 2 2 9 0 , s td .  dev. = 1287
L R -1 -2 7 .1 47 Mancos S h a le , h ig h ly  
to  s l i g h t l y  
w eathered
L R -1 -3 0 .4 11
L R -1 -3 9 .2 602 it
L R -1 -4 5 .0 914 11
L R -2 -2 7 .7 2373 11
L R -3 -6 3 .8 110 »
LR-3 - 7 4 .0 447 11
L R -4 -3 3 .5 742 11
LR—4—5 0 .7 , 879 it
L R -4 -5 2 .2 689 it
L R -5 -5 3 .8 140 11
mean = 8 5 5 , s td .  dev. = 818
A ll Mancos S h a le  t e s t s :  mean = 1973, s td .  dev . = 1495
* S tre n g th  v a lu e s  c o r re c te d  to  D/L = 0 .5
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s e v e ra l  f a c to r s  in c lu d in g : l i t h o lo g ie  v a r ia t io n ,  e x te n t  o f
d e te r io r a t io n  o f s h a le  co re  sam ples p r io r  to  t e s t i n g ,  and
d e te r io r a t io n  o f  s h a le  sam ples d u rin g  p re p a ra t io n  fo r  t e s t i n g .
However, c lo s e r  exam ination  o f  th e  d a ta  su g g e s ts  th a t  th e  mean i s  
p ro b ab ly  a good in d ic a to r  o f  th e  a c tu a l  s t r e n g th  o f  th e  s h a le  m ass. 
The h ig h  v a r ia t io n  ab o u t th e  mean i s  p robab ly  due to  th e  f a c to r s  
m entioned above which g iv e  r i s e  to  o u t l i e r s .  These o u t l i e r s  appear 
to  produce th e  h ig h  v a r i a t io n  ab o u t th e  mean in  each d a ta  g roup .
D ire c t  S hear T e s ts
D ire c t sh e a r  t e s t s  were made on tw elve co re  sam ples o f  Mancos S hale  
and two co re  sam ples o f  G a llu p  Sandstone in  th e  CSM Rock M echanics 
L a b o ra to ry , u s in g  a S o i l  T e s t D ire c t Shear T e s tin g  M achine. D ire c t 
sh e a r  t e s t s  were made in  accordance  w ith  th e  I n te r n a t io n a l  S o c ie ty  
f o r  Rock M echanics S uggested  Methods fo r  D ire c t S hear T e s tin g  o f  Rock 
on: 1) i n t a c t  ro c k , 2) c o re s  broken a long  la m in a tio n s
s u b -p e rp e n d ic u la r  to  th e  co re  a x is ,  and 3) two sanded s u r fa c e s  ( I n t .
J .  Rock Mech. Min. S c i . , 1979). These a re  summarized in  T able  2 .
A ll d i r e c t  sh e a r  t e s t s  were made p a r a l l e l  o r s u b - p a r a l le l  to  th e  
s h a le  la m in a tio n s . Normal lo a d s  ranged from 75 to  240 p s i .  S e v e ra l 
sam ples were c ru sh ed  by th e  h ig h e r  norm al lo a d s  b e fo re  Lhear t e s t in g  
cou ld  commence.
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The r e s u l t s  o f  th e  d i r e c t  sh e a r  t e s t s  from t h i s  and p re v io u s  s tu d ie s  
a r e  summarized in  T able 4 and F ig u re  12. C o n sid e rab le  s c a t t e r  e x i s t s  
in  th e  d a ta  r e f l e c t i n g  th e  v a r i a b i l i t y  o f  th e  sam ples.
A l e a s t  sq u ares  r e g re s s io n  f i t  was made o f  th e  sh e a r  s t r e n g th  d a ta
from t h i s  s tu d y  u s in g  th e  CSM Geology Computer L ib ra ry  program 
’•LSQ” . The r e l a t io n s h ip  o f  sh e a r  s t r e n g th  to  norm al s t r e s s  o b ta in e d  
by t h i s  method a re  d is c u s s e d  below .
E ig h t i n t a c t  s h a le  sam ples were t e s t e d  fo r  sh e a r  s t r e n g th  p a r a l l e l  to  
bedd ing  p la n e s . The l e a s t - s q u a r e s  re g re s s io n  f i t  o f  th e  peak sh ea r 
s t r e n g th  o f  th e se  sam ples w ith  77 p e rc e n t o f  th e  sum o f th e  sq u ares  
ab o u t th e  r e g re s s io n  e x p la in e d  i s :
t = 10.7 + 1•39 ao
where t  i s  th e  sh e a r  s t r e n g th  in  pounds p e r sq u are  in c h  (p s i)  
and a Q i s  th e  norm al s t r e s s  in  p s i .  The l e a s t  sq u a res  re g re s s io n  
f i t  o f  th e  r e s id u a l  sh e a r  s t r e n g th  o f  th e se  sam ples w ith  83 p e rc e n t
o f  th e  sum o f  th e  sq u a re s  ab o u t th e  re g re s s io n  ex p la in ed  i s :
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where t and aQ a re  th e  sh ea r s t r e n g th  and norm al s t r e s s
r e s p e c t iv e ly  in  p s i .  These v a lu e s  a re  n o t co n s id e re d  r e a l i s t i c  fo r  
t h i s  m a te r ia l  and a re  d is re g a rd e d  from f u r th e r  d is c u s s io n .
S ix  s h a le  sam ples, b roken a lo n g  la m in a tio n  p la n e s , were t e s t e d  f o r  
sh e a r  s t r e n g th .  The le a s t - s q u a r e s  r e g re s s io n  f i t  o f  th e  peak sh ea r 
s t r e n g th  o f  th e se  sam ples w ith  19 p e rc e n t o f  th e  sum o f  th e  sq u a res  
ab o u t th e  r e g re s s io n  e x p la in e d  i s :
t = 50.7 + 0 .35  gq
i
where t and gq a re  th e  sh ea r s t r e n g th  and normal s t r e s s
r e s p e c t iv e ly  in  p s i .  The l e a s t - s q u a r e s  re g re s s io n  f i t  o f th e  
r e s id u a l  sh e a r  s t r e n g th  o f  th e se  sam ples w ith  36 p e rc e n t o f  th e  sum 
o f  th e  sq u a res  ab o u t th e  r e g re s s io n  e x p la in ed  i s :
t = 1 9 .4  + 0 .49  ao
where t and gq a re  th e  sh ea r s t r e n g th  and normal s t r e s s
r e s p e c t iv e ly  in  p s i .  The r e g re s s io n  l in e s  fo r  sam ples which were 
b roken  a lo n g  la m in a tio n  p la n e s  have very  low p e rc en ta g e s  e x p la in ed
ab o u t th e  r e g re s s io n s ,  bo th  f o r  peak and r e s id u a l  sh ea r s t r e n g th  
v a lu e s . However, th e  p e rc e n ta g e  e x p la in ed  about th e  r e g re s s io n  f o r  
r e s id u a l  sh e a r  s t r e n g th  v a lu es  i s  ap p ro x im a te ly  tw ice  t h a t  o b ta in e d
ER-2435 54
f o r  peak sh e a r  s t r e n g th  v a lu e s .
A lthough th e  i r r e g u l a r i t y  o f th e se  broken s u r fa c e s  was n o t
q u a n t i f ie d ,  th e  s u r f a c e  w aviness ranged from th re e  to  10 d eg rees  from 
h o r iz o n ta l  and s e v e ra l  o f  th e se  sam ples c o n ta in e d  up to  th re e  such
i r r e g u l a r i t i e s  a c ro s s  th e  t e s t e d  s u r f a c e .  I t  i s  su g g es ted  th a t  th e
low p e rc en ta g e  e x p la in ed  fo r  t h i s  group o f  sam ples i s  due to  th e se
i r r e g u l a r i t i e s .  I t  i s  f u r th e r  su g g es ted  th a t  th e  h ig h e r  p e rc en ta g e  
ex p la in e d  f o r  th e  r e s id u a l  sh ea r s t r e n g th  v a lu es  from th e se  sam ples 
i s  due to  sh e a r in g  o f f  and sm oothing o f  some o f th e  s u r fa c e
i r r e g u l a r i t i e s .  However, th e  r e g re s s io n  fo r  a l l  d a ta  g roups i s  n o t 
co n sid e re d  r e l i a b l e  f o r  d e s ig n  p u rp o ses  because  o f  th e  low p e rc en ta g e  
ex p la in e d  ab o u t th e  r e g re s s io n  in  each c a se .
Shear s t r e n g th  t e s t  r e s u l t s  on Mancos S h a le  o b ta in e d  from a rock
m echanics t e s t i n g  program  a t  a nearb y  mine a re  summarized in  T ab le  
4 . The sam ples used  in  t h i s  t e s t i n g  program  were NX co re  sam ples
which were waxed and im m ediate ly  tr a n s p o r te d  to  a  la b  and t e s t e d .
The v a lu e s  o b ta in e d  in  th e  two s tu d ie s  a re  com parable.
T r i a x i a l  t e s t s  were conducted  by A tkinson-N oland  A s s o c ia te s , In c .  on 
co~e sam ples from b o rin g  PNM-2C lo c a te d  w ith in  th e  low er r e s e r v o i r  
a r e a .  The r e s id u a l  f r i c t i o n  a n g le  was de term ined  on f iv e  co re  
sam ples as  summarized in  T ab le  4 . The f i r s t  two sam ples a re  w ith in
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th e  range o f  e le v a t io n  o f  i n t e r e s t  to  th e  low er r e s e r v o i r  s lo p e s . 
The f i r s t  sam ple i s  from th e  p la ty  san d sto n e  zone w ith in  th e  Mancos 
S ha le  d e sc r ib e d  in  th e  geology s e c t io n  o f  t h i s  r e p o r t .  The r e s id u a l  
f r i c t i o n  a n g le  i s  c o n s id e ra b ly  h ig h e r  in  t h i s  more com petent m a te r ia l  
c o n s is t in g  p r im a r i ly  o f  san d sto n e  and s i l t s t o n e .  The r e s id u a l  
f r i c t i o n  an g le  f o r  th e  second sample i s  c o n s is te n t  w ith  v a lu e s  
re p o r te d  a t  th e  nearby  mine and i s  somewhat low er than  th e  v a lu e s  
o b ta in e d  in  t h i s  s tu d y .
Comparison o f  a l l  s h e a r  s t r e n g th  r e s u l t s  in d ic a te s  t h a t  i n t a c t  Mancos 
S h a le  h as an averag e  r e s id u a l  f r i c t i o n  a n g le  o f  ab o u t 28 d eg rees  and 
co h esio n  o f  ab o u t 75 p s i .  No r e l i a b l e  t e s t  d a ta  i s  a v a i la b le  fo r  
peak sh e a r  s t r e n g th  o f  i n t a c t  Mancos S h a le . The range  o f  re p o r te d  
r e s id u a l  sh e a r  s t r e n g th  v a lu e s  fo r  i n t a c t  Mancos S h a le  i s  between 20 
and 54 d eg rees  fo r  f r i c t i o n  a n g le s , and 0 and 298 p s i  f o r  c o h es io n .
E v a lu a tio n  o f a l l  d i r e c t  sh e a r  t e s t in g  o f  j o i n t s  o r o th e r  
d i s c o n t in u i t i e s  in  th e  Mancos S hale  y ie ld s  an average  r e s id u a l  
f r i c t i o n  a n g le  o f 22 d eg rees  and co h esio n  o f  49 p s i .
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S ieve  A nalyses
M echanical s ie v e  a n a ly se s  were perform ed on fo u r bag sam ples from th e  
PNM low er r e s e r v o i r  and th re e  bag sam ples from th re e  o f  th e  f iv e  c ase  
h i s to r y  r e s e r v o i r s  as shown in  T ab le  2 . These t e s t s  were perform ed 
in  th e  CSM s o i l  m echanics la b o r a to r y  acco rd in g  to  ASTM D421 and D422 
p ro ced u res  (ASTM D421-58, 1980 and ASTM 0422-63> 1980).
The r e s u l t s  o f  th e  m echan ical s ie v e  a n a ly se s  a re  shown in  F ig u re s  13 
and 14. Comparison o f  th e  g ra d a tio n  cu rves from th e  case  h is to r y  
r e s e r v o i r s  to  th o se  from th e  low er r e s e r v o i r  show th a t  a l l  sam ples 
have s im i la r  g ra d a t io n s .  Samples from th e  case  h is to r y  r e s e r v o i r s  
f a l l  w ith in  o r v e ry  c lo s e  to  th e  narrow  envelope from th e  low er 
r e s e r v o i r .  The p ro p e r c l a s s i f i c a t i o n  o f  th e se  m a te r ia ls  u s in g  th e  
U n if ie d  S o i l  C la s s i f i c a t io n  System i s  g ra v e l ly  sand . The p a r t i c l e s  
a r e  p red o m in a te ly  f l a t  s h a le  p la te s  from co a rse  sand s iz e  up to  1 1/2 
in c h es  maximum. A ll sam ples c o n ta in ed  l e s s  than  10 p e rc e n t f in e s ,  
th e r e f o r  no hydrom eter t e s t i n g  was done to  d e term ine  th e  g ra d a tio n  o f 
th e  minus 2 0 0 -s ie v e  f r a c t i o n .
O ther t e s t i n g  o f s u r f i c i a l  m a te r ia ls  w ith in  th e  low er r e s e r v o i r  a re a  
was perform ed by Woodward-Clyde C o n su lta n ts  in  1978. R e su lts  o f 
th e se  s ie v e  a n a ly se s  a re  shown in  F ig u re  15 (Woodward-Clyde 
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envelope f o r  th e  low er r e s e r v o i r  sam ples te s t e d  in  t h i s  s tu d y . 
S la k e -D u ra b il i ty  T e s ts
S la k e - d u r a b i l i ty  t e s t s  were perform ed on e lev en  sam ples as  shown in  
T able  2 . These t e s t s  were done by th e  U nited  S ta te s  G eo lo g ica l 
Survey E n g in ee rin g  Geology L ab o ra to ry  acco rd in g  to  th e  I n te r n a t io n a l  
S o c ie ty  o f  Rock M echanics and M ining S c ien ces  S uggested  Method f o r  
D e te rm in a tio n  o f  th e  S la k e -D u ra b il i ty  Index (F ra n k lin  and Chandra, 
1972, I n t .  J .  Rock Mech. Min. S c i . , 1979). T h is t e s t  p ro ced u re  was 
s e le c te d  a s  th e  most q u a n t i t a t iv e  method to  e v a lu a te  th e  s la k in g  
c h a r a c t e r i s t i c s  o f  th e  ro c k . A number o f  d a ta  a re  re p o r te d  in  th e  
l i t e r a t u r e  (Gamble, 1971, Gamble and D eere, 1971, b u t to n , 1977, 
B a iley  e t . a l . ,  1979, F ra n k lin , 1980) a llo w in g  c o r r e la t io n  o f  th e  
r e s u l t s  o f t h i s  t e s t in g  to  o th e r  s im i la r  t e s t s .  Both f i r s t  and 
second c y c le  d u r a b i l i t y  in d ic e s  a re  re p o r te d , re p re s e n t in g  th e
p e rcen tag e  o f  th e  o r ig i n a l  sam ple w eigh t rem ain ing  in  a  w ire  mesh
drum a f t e r  one and two c y c le s  o f  r o ta t io n  in  a w ater b a th .
S la k e - d u r a b i l i ty  t e s t s  had p re v io u s ly  been perform ed by
A tk inson-N oland and A ss o c ia te s , In c . on th re e  b lock  sam ples o f  Mancos 
S h a le  c u t from th e  t e s t  a d i t  chamber a t  th e  low er r e s e r v o i r .  The
r e s u l t s  o f  a l l  s l a k e - d u r a b i l i ty  t e s t s  a re  shown in  T ab le  5 .
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TABLE 5
SUMMARY OF SLAKE DURABILITY TESTS ON MANCOS SHALE SAMPLES





T h is  s tudy PNM3C-67.5 -68 .1 97 95 sandy, lim ey
sh a le
PNM3C-84.9 -8 5 .8 93 88 sandy sh a le
PNM3C-94.1-94.9 75 53 s o f t  sh a le
PNM3C-107 .0 -1 0 7 .9 93 85 it
PNM3C-120 .3 -122 .8 85 64 11
PNM -  Bag 4 91 80 w eathered ,
i n t a c t
sh a le
PNM -  Bag 5 86 67 11
PNM -  Bag 9 96 93 n
PNM -  Bag 11 74 44 tt
EV -  Bag 1 26 8 it
GM -  Bag 3 ( P ie r r e 97 96 11
S h a le )
A tkinson-N oland Block 1 93.1 82.1 sh a le
and A sso c ia te s , Block 2 91.8 79.4 n
I n c . ,  1980 Block 4 98 .2 95.6 11
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The mean second c y c le  d u r a b i l i t y  index  (Idg ) fo r  a l l  sam ples from 
th e  low er r e s e r v o i r  t e s t e d  in  t h i s  s tu d y  i s  74 .3  w ith  a s ta n d a rd  
d e v ia t io n  o f  1 8 .2 . The mean v a lu e  o f  Id^ fo r  t e s t s  perform ed in  an 
e a r l i e r  s tu d y  i s  85 .7  w ith  a  s ta n d a rd  d e v ia t io n  o f  8 .7 .  C lo se r 
ex am ination  o f th e  d a ta  in d ic a te s  t h a t  th e  s la k e - d u r a b i l i ty  index  i s  
dependent on l i th o lo g y  and th e  degree  o f  w eath erin g  o f  th e  s h a le  
sam ple. F u r th e r  d iv is io n  o f th e  sam ples from th e  low er r e s e r v o i r  
s u g g e s ts  th a t  th re e  s e p a ra te  d a ta  g roups e x i s t :
o Block sam ples t e s t e d  in  a p re v io u s  s tudy  y ie ld e d  a mean Id^ 
o f  85 .7  w ith  a  s ta n d a rd  d e v ia t io n  o f  8 .7 .  These b lo ck  
sam ples were t e s t e d  soon a f t e r  they  had been c u t from th e
t e s t  a d i t .
o Core sam ples t e s t e d  in  t h i s  s tudy  y ie ld e d  a mean Id^  o f 
77 .0  w ith  a s ta n d a rd  d e v ia t io n  o f  17 .7 . These c o re s  were 
te s t e d  ap p ro x im a te ly  one y e a r  a f t e r  they  were sam pled. The
c o re s  had been k e p t in  s to ra g e ,  wrapped in  p l a s t i c  and wax
d u rin g  th a t  tim e , 
o Bag sam ples c o l le c te d  a t  th e  s u r fa c e  o f  th e  low er r e s e r v o i r  
y ie ld e d  a mean Id^  o f  71 .0  w ith  a s ta n d a rd  d e v ia t io n  o f
2 0 .9 .
D iv is io n  o f th e  s la k  e - d u r a b i l i t y  t e s t  d a ta  in to  th e  th re e  g roups 
above s u g g e s ts  th a t  th e  s la k e - d u r a b i l i ty  index  fo r  Mancos S h a le  i s  
dependent on deg ree  o f  w eath e rin g  and amount o f  d ry in g  o f  th e  sample
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p r io r  to  t e s t i n g .  The second c y c le  s la k e  d u r a b i l i ty  index  d e c re a se s  
from 85 .7  to  7 1 «0 from sam ples t e s t e d  im m edia te ly  a f t e r  th ey  had been 
sam pled to  s l i g h t l y  to  m o dera te ly  w eathered  sam ples tak en  j u s t  below 
th e  ground s u r f a c e .  The m oderate v a lu e  o f Idg o b ta in e d  from co re  
sam ples te s t e d  in  t h i s  s tu d y  s u g g e s ts  th a t  th e se  sam ples had d r ie d  
c o n s id e ra b ly  p r io r  to  t e s t i n g .  I f  t h i s  i s  t r u e ,  then  th e  v a lu e s
re p o r te d  fo r  I d g a re  a c tu a l ly  th e  th i r d  c y c le  s l a k e - d u r a b i l i ty
in d e x . One c y c le  o ccu rred  d u rin g  sam pling and s to ra g e .  The a c tu a l  
Idg  fo r  th e se  sam ples i s  re p re s e n te d  by the  re p o r te d  v a lu e s  fo r  
Id  , mean o f  88 .6  and s ta n d a rd  d e v ia t io n  8 .7 •  These v a lu e s  a re
v ery  c lo s e  to  th e  v a lu e s  o f Id^  re p o r te d  from th e  p re v io u s  work.
The v a lu e s  o b ta in e d  fo r  Id^ from sam ples from two case h i s to r y
r e s e r v o i r s ,  E l Vado R ese rv o ir  and Green M ountain R e se rv o ir , a re  
m arkedly d i f f e r e n t  from v a lu e s  o b ta in e d  from sam ples a t  th e  low er
r e s e r v o i r .  Comparison o f  bag sam ples from th e  low er r e s e r v o i r  i s
most a p p ro p r ia te  because t h i s  was th e  sam pling te ch n iq u e  used  a t  th e  
two case  h is to r y  r e s e r v o i r s .  The v a lu e  fo r  Idg from E l Vado 
R e se rv o ir  i s  much low er than  th e  mean v a lu e  from th e  low er r e s e r v o i r ,  
8 v e rsu s  7 1 .0 . T h is  su g g e s ts  th a t  th e  Mancos S h a le  a t  E l Vado 
R e se rv o ir  i s  l e s s  d u ra b le  than  th a t  a t  th e  low er r e s e r v o i r .  The
P ie r r e  S h a le  from Green M ountain R e se rv o ir , on th e  o th e r  hand, has a 
s ig n i f i c a n t l y  h ig h e r  Idg  o f  9 6 .
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The s lak e d  sh a le  m a te r ia l  which escaped from th e  w ire  drum a f t e r  th e  
second c y c le  o f  th e  s la k e - d u r a b i l i ty  t e s t  was oven d r ie d  and 
w e t-s ie v e d  th rough  a #200 U .S. S tan d a rd  s ie v e  (ASTM D1140-54, 1980). 
T his was done to  d e term in e  th e  s i l t  and c lay  f r a c t io n  o f  t h i s
m a te r ia l  and i s  summarized in  T ab le  6 . The p e rc e n t p a ss in g  th e  #200
s ie v e  ran g es from 44 .3  to  9 5 .2  p e rc e n t f o r  a l l  sam ples from th e  low er 
r e s e r v o i r .  G e n e ra lly  s lak e d  m a te r ia l  from th e  bag sam ples c o l le c te d  
a t  th e  s u r fa c e  o f  th e  low er r e s e r v o i r  a re a  have a  h ig h e r  p e rc en ta g e  
o f  s i l t  and c la y  p a r t i c l e s  than  do th e  co re  sam ples. T his i s  
in d ic a te d  by th e  mean w eigh t p e rc e n t o f  s i l t  and c la y  fo r  bag sam ples 
o f  75 .7  p e rc e n t and f o r  co re  sam ples o f  65 .9  p e rc e n t .
i
I t  i s  i n t e r e s t i n g  to  compare th e  p e rc en ta g e  o f  m a te r ia l  p a ss in g  th e  
#200 U .S. S tan d a rd  s ie v e  from bag sam ples o f  c o l lu v ia l  m a te r ia l  from 
th e  low er r e s e r v o i r  a re a  and from s la k e d  m a te r ia l  which escaped  th e  
w ire  drum in  th e  s l a k e - d u r a b i l i ty  t e s t .  C o llu v ia l  sam ples from th e  
low er r e s e r v o i r  a re a  c o n ta in  very  few f in e s ,  g e n e ra l ly  l e s s  th an  10 
p e rc e n t .  The s lak e d  re s id u e ,  how ever, i s  p r im a r i ly  com prised o f  
f in e s ,  g e n e r a l ly  g r e a te r  th an  60 p e rc e n t p a ss in g  th e  #200 s ie v e .  The
sam ples t e s t e d  from E l Vado R e se rv o ir  a re  somewhat d i f f e r e n t  from
t h i s  t r e n d , w ith  th e  p e rc en ta g e  o f  s lak e d  re s id u e  m a te r ia l  p a ss in g  
th e  #200 s ie v e  41 p e rc e n t ,  c o n s id e ra b ly  low er th an  th a t  from sam ples 
from th e  low er r e s e r v o i r .  T h is  su g g es ts  th a t  e i t h e r  th e  
s l a k e - d u r a b i l i ty  t e s t  p roduces a  more sev e re  d e g ra d a tio n  o f  th e  sh a le
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TABLE 6
SUMARY OF SIEVE ANALYSES, SLAKE DURABILITY TEST MATERIAL
SAMPLE PERCENT PASSING
#200 SIEVE
PNM3C- 6 7 .5 -  68.1 54.5
PNM3C- 84.9  -  85 .8 61.4
PNM3C- 94.1 -  94.9 85.6
PNM3C-107.0 -  107.9 72 .2
PNM3C-120.3 -  122.8 55.6
PNM -  Bag 4 91.5
PNM -  Bag 5 95 .2
PNM -  Bag 9 71.6
PNM -  Bag 11 44.3
EV -  Bag 1 41.1
GM -  Bag 3 ( P ie r r e  S h a le ) 81 .0
PNM Core Sam ples: mean = 6 5 .9 , s td .  dev . = 13.1 
PNM Bag Sam ples: mean = 7 5 .7 , s t d .  dev. = 23 .3
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than  e x i s t in g  c o n d itio n s  a t  th e  low er r e s e r v o i r  o r most o f  th e  f in e s  
have been removed from th e  c o l lu v ia l  m a te r ia l  a t  th e  low er
r e s e r v o i r .  A nother p o s s i b i l i t y  fo r  t h i s  d i f f e r e n c e  i s  th e  t e s t i n g
m ethod, dry  s ie v in g  f o r  th e  c o l lu v i a l  sam ples v e rsu s  wet s ie v in g  fo r
th e  s la k e d  r e s id u e .
A tte rb e rg  L im its
A tte rb e rg  l im i t s  t e s t s  were perform ed on seven ground-up rock  co re  
sam ples and te n  sam ples o f  c o l lu v ia l  m a te r ia l  from th e  low er
r e s e r v o i r  and case  h is to r y  r e s e r v o i r s  as shown in  T able  2 . A ll t e s t s  
were perform ed acc o rd in g  to  ASTM D423 and ASTM D424 to  d e term ine  th e  
l i q u id  l i m i t , p l a s t i c  l im i t  and p l a s t i c i t y  index  (ASTM 0423-66, 1980, 
ASTM 0424-59, 1980). Rock co re  sam ples were p u lv e r iz e d  w ith  a
hammer, sc reen ed  th ro u g h  a  #10 s ie v e ,  and th e  minus #10 f r a c t io n  was 
ground fo r  s e v e ra l  m inu tes w ith  a  m o rta r and p e s t l e .  The minus #10 
f r a c t io n  o b ta in e d  from th e  m echan ical s ie v e  a n a ly se s  o f  s u r f i c i a l  
sam ples was a l s o  l i g h t l y  ground w ith  a m ortar and p e s t l e  p r io r  to  
t e s t i n g .
The r e s u l t s  o f  A tte rb e rg  l im i t s  t e s t s  from t h i s  and p re v io u s  s tu d ie s  
a re  shown in  T ab le  7 . The p l a s t i c i t y  index  f o r  a l l  sam ples a t  th e  
low er r e s e r v o i r  ran g es  from 4 .8  to  17 «3 in d ic a t in g  th a t  t h i s  m a te r ia l  
has low p l a s t i c i t y .  The p l a s t i c i t y  index  fo r  sam ples from th e  case
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Lab T es ts PNM3C-42.5-42.1 32.2 20.4 11.8
th i s  Study PNM3C-58.3-58.9 26.9 20.1 6.8
It PNM3C-84.9-85.9 27.3 20.2 7.1
H PNM3C-94.1-94.9 31.4 19.6 11.8
It PNH3C-107.0 -107 .9 27.6 19.9 7 .7
« PNM3C-113.0-113.5 28.6 23.9 4.8
It PNM3C-120.3-122.8 38.5 21.2 17.3
It PNM-Bag 2 30.8 20.9 10.0
It PNM-Bag 3 36.9 21.3 15.6
ft PNM-Bag 7 44.0 26.0 18.0
ft PNM-Bag 10 34.6 25.2 9 .4
ft JG-Bag 2 43.8 27 .2 16.6
ft EV-Bag 1 38.9 24.0 14.9
It EV-Bag 2 30.0 31.6 NP
ft RG-Bag 1 40.5 25.0 15.5
It GM-Bag 2 27.0 19.2 7 .8
It (34-Bag 3 29.8 18.7 11.1
Woodward-Clyde Arroyo Cut, 0-5 f t .  deep 28.0 16.0 12.0
C o n su ltan ts Arroyo Cut, 5-10 f t .  deep 29.0 15.0 14.0
« Arroyo Cut, 10-15 f t .  deep 31.0 15.0 16.0
n T est P i t ,  0-4 f t .  deep 33.0 16.0 17.0
n T est B oring , 9 f t .  depth 45.0 14.0 31.0
n T est B oring , 14 f t .  depth 30.0 16.0 14.0
A tkinson-N oland 
A ssoc ., In c .
S u rface  Sample, m echanical 
break-down
46.8 21.9 24.9
it S u rface  Sample, w et-d ry  
c y c le  break-down
41.5 22 .2 19.3
it S u rface  Sample, m echanical 
break-down
56.7 24.0 32.7
it S u rface  Sample, w et-d ry  
c y c le  break-down
53 .2 22.7 30.5
n S u rface  Sample, m echanical 
break-down
48.6 25.0 23.6
it S u rface  Sample, w et-dry  
cy c le  break-down
48.9 17.7 31.2















A tkinson-N oland 
A ssoc ., In c .
S u rface  Sample, w et-d ry  
cy c le  break-down
44.1 21.7 22.4
It PNM-2C Core, E l .  6538 .8 , 
w et-d ry  c y c le  break-down
35.8 ’ 17.2 18.6
tf PNM-2C Core, E l.  6538 .8 , 
m echanical break-down
30.5 14.1 16.4
tl PNM-2C Core, E l.  6513.83, 
w et-d ry  c y c le  break-down
60.0 26.8 33.2
ft PNM-2C Core, E l .  6513.83, 
m echanical break-down
97.6 31.2 66.4
It PNM-2C Core, E l.  6463.83, 
w et-d ry  c y c le  break-down
37.4 17.7 19.7
It PNM-2C C ore, E l .  6463.83, 
m echanical break-down
36.4 15.5 20.9
It PNM-2C Core, E l.  6413.83, 
w et-d ry  c y c le  break-down
35.5 15.5 20.0
ft PNM-2C Core, E l.  6413.83, 
m echanical break-down
32.9 20.5 12.4
If PNM-2C Core, E l.  6363 . 83 , 
w et-d ry  c y c le  break-down
30.6 16.9 13.7
ft PNM-2C Core, E l.  6363 . 83 , 
m echanical break-down
43.6 21.1 22.5
It Block Sample, w et-d ry  
cy c le  break-down
37.6 22.4 15.2
It Block Sample, m echanical 
break-down
43.7 34.5 9 .2
ft Block Sample, w et-d ry  
cy c le  break-down
39.0 22.3 16.7
It Block Sample, m echanical 
break-down
43.7 31.9 11.8
It Block Sample, w et-d ry  
c y c le  break-down
35.3 22.5 12.8
Block Sample, m echanical 
break-down
40.0 24.1 15.9
CH-2 Core, m echanical 
break-dow n, p r o je c t  Water
30.6 18.7 11.9
CH-2 Core, m echanical 
break-dow n, p r o je c t  Water
31.2 15.5 15.7
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TABLE 7 (c o n t.)
ATTERBERG LIMITS TESTING S UMAR Y
SOURCE SAMPLE/DESCRIPTION LIQUID PLASTIC
LIMIT LIMIT
A tkinson-N oland 
A ssoc ., In c .
CH-2 Core, m echanical
break-down, p ro je c t  W ater
31.3 17.1
n CH-2 Core, m echanical
break-down, d i s t i l l e d  w ater
32.0 21.7
n CH-2 Core, m echanical 
break-down, d i s t i l l e d  w ater
32.3 20.6
» CH-2 Core, m echanical
break-down, d i s t i l l e d  w ater
32.2 20.0
it CH-3 Core, w et-d ry  cy c le  
break-down, p ro je c t  w ater
34.9 19.9
it CH-3 Core, w et-d ry  cy c le  
break-down, p ro je c t  w ater
37.4 24.0
it CH-3 Core, w et-d ry  cy c le  
break-down, p r o je c t  w ater
38.8 22.8
it CH-3 Core, w et-d ry  cy c le  
break-down, d i s t i l l e d  w ater
37.8 23.0
tt CH-3 Core, w et-d ry  cy c le  
break-down, d i s t i l l e d  w ater
33.2 21.9
it CH-3 Core, w et-d ry  cy c le  
break-down, d i s t i l l e d  w ater
37.6 20.3
it PNM-2C Core, E l .  644.84 to  
6435.83, m echanical break­
down, p r o je c t  w ater
39.6 20.2
it PNM-2C Core, E l .  644.84 to  
6435.83, m echanical b reak­
down, p r o je c t  w ater
38.8 19.9
it PNM-2C Core, E l .  644.84 to  
6435.83, m echanical b reak­
down, p r o je c t  w ater
39.8 20.3
it PNM-2C Core, E l .  644.83 
to  6435.83, m echanical 
break-down, d i s t i l l e d  w ater
38.1 17.1
it PNM-2C Core, E l .  644.83 
to  6435.83, m echanical 
break-down, d i s t i l l e d  w ater
37.8 14.4
it PNM-2C Core, E l.  644.83 
to  6435.83, m echanical 



























P l a s t i c i t y  index
TABLE 7 (c o n t.)  
ATTERBERG LIMITS TESTING
SAMPLE/DESCRIPTION
PNM-2C C ore, E l .  644.83 
to  6435.83, w et-d ry  cy c le  
break-down, p r o je c t  w ater 
PNM-2C Core, E l .  644.83 
to  6435.83, w et-d ry  cy c le  
break-down, p ro je c t  w ater 
PNM-2C Core, E l.  644.83 
to  6435.83, w et-d ry  cy c le  
break-dow n, p r o je c t  w ater 
PNM-2C Core, E l .  644.83 
to  6435.83, w et-d ry  c y c le  
break-down, d i s t i l l e d  w ater 
PNM-2C C ore, E l .  644.83 
to  6435.83, w et-d ry  c y c le  
break-down, d i s t i l l e d  w ater 
PNM-2C Core, E l.  644.83 
to  6435.83, w et-d ry  c y c le  
break-down, d i s t i l l e d  w ater




36.3  22.0  14.3
35.6  22.8  12.8
35.8 . 22 .4  13.4
35*7 19.6 16.1
37.0 22.0  15.0
36.3 31.0 5 .3
std. dev. = 8.8
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h i s to r y  r e s e r v o i r s  ran g es  from 0 (n o n - p la s t ic )  to  15.5 a ls o  
e x h ib i t in g  low p l a s t i c i t y .  Comparison o f  th e  A tte rb e rg  l im i t s  fo r  
a l l  sam ples shows a rem arkab le  s im i l a r i t y  c o n s id e r in g  th e  wide 
g e o g ra p h ic a l v a r i a t io n  betw een th e  sam ples.
O ther A tte rb e rg  l im i t s  t e s t s  were perform ed by Woodward-Clyde 
C o n su lta n ts  and by A tk inson-N oland A ssoc. ,  I n c . The sam ples t e s t e d  
by A tkinson-N oland and A sso c ., In c . were broken-down by two m ethods. 
The f i r s t  m ethod, a m echan ical m ethod, c o n s is te d  o f  p u lv e r iz in g  th e  
sample w ith  m o rtar and p e s t l e  and washing th rough  a #10 s ie v e .  T h is 
i s  s im ila r  to  th e  m ethod, used  in  t h i s  s tu d y . The second m ethod, a 
w e t-d ry  c y c le  m ethod, c o n s is te d  o f  th re e  c y c le s  o f  oven d ry in g  each 
sam ple a t  105 d eg rees  C e ls iu s  fo llow ed  by com plete w e ttin g  and a 
2 4 -hour soak ing  p e r io d . A nother v a r ia t io n  between sam ples te s te d  
d u rin g  p re v io u s  s tu d ie s  i s  th e  sam pling method which in c lu d e s  co re  
b o r in g s , t e s t  p i t s  o r  s u r f a c e  sam pling .
S t a t i s t i c a l  a n a ly s is  was used to  compare th e se  g roups o f  t e s t  d a ta .  
E q u a lity  o f  v a r ia n c e  was te s t e d  u s in g  th e  E - te s t  and e q u a l i ty  o f 
means o f  each group was te s t e d  u s in g  th e  t - t e s t  where th e  v a r ia n c e s  
were n o t s i g n i f i c a n t l y  d i f f e r e n t ,  and th e  m od ified  t - t e s t  where th e  
v a r ia n c e s  were s i g n i f i c a n t l y  d i f f e r e n t  a s  de term ined  by th e  E - te s t s  
(D av is , 1973). The d a ta  were d iv id e d  in to  s ix  g roups as  fo llo w s :
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1) co re  sam ples from th e  low er r e s e r v o i r
2) bag sam ples from th e  low er r e s e r v o i r
3) bag sam ples from th e  c ase  h i s to r y  r e s e r v o i r s
4) Woodward-Clyde C o n su lta n ts  t e s t s  from th e  low er r e s e r v o i r
5 ) A tk inson-N oland and A s s o c ia te s ,  In c . low er r e s e r v o i r  sam ples
broken-down by m echan ical methods
6) A tk inson-N oland  and A s s o c ia te s ,  In c . low er r e s e r v o i r  sam ples
broken-down by w e t-d ry  c y c le s .
A n a ly s is  o f  th e  v a r ia n c e  o f  each group in d ic a te d  th a t  th e re  was no 
s i g n i f i c a n t  d i f f e r e n c e  betw een th e  v a r ia n c e s  o f th e se  g roups a t  a  99 
p e rc e n t l e v e l  o f  s ig n i f ic a n c e  ex cep t fo r  com parison o f  g roups 1 and 
5 , 2 and 5 and, 3 and 5.
A n a ly s is  o f  s i m i l a r i t y  o f th e  means o f  th e se  g roups o f  d a ta  in d ic a te d  
t h a t  th e re  was no s i g n i f i c a n t  d i f f e r e n c e  betw een th e  means o f  any o f  
th e se  g roups a t  a 99 p e rc e n t l e v e l  o f  s ig n i f ic a n c e .  T h e re fo r , th e  
p l a s t i c i t y - in d e x  o f  th e  Mancos S h a le  i s  very  low and does n o t appear 
to  depend on th e  method o f  breakdown used f o r  th e  la b o ra to ry  t e s t  or 
th e  sam pling m ethod. Because th e re  i s  no s ig n i f i c a n t  s t a t i s t i c a l  
d i f f e r e n c e  betw een th e  p l a s t i c i t y - in d e x  o f  th e  s h a le  sam ples in  each 
o f  th e se  t e s t  g roups, th e  mean and s ta n d a rd  d e v ia t io n  o f  th e  e n t i r e  
s e t  o f  t e s t s  i s  16.7 and 8 .8  r e s p e c t iv e ly .  T his mean v a lu e  i s  
co n s id e re d  q u i te  r e l i a b l e  f o r  u se  in  su b seq u en t a n a ly s e s .
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D ire c t  Shear T e s ts  o f Remolded C o llu v ia l  M a te r ia l
D ire c t  sh ea r t e s t s  were perform ed on th re e  sam ples o f c o l lu v ia l  
m a te r ia l  from th e  low er r e s e r v o i r  and one sam ple o f c o l lu v ia l  
m a te r ia l  from E l Vado R e se rv o ir  a t  th e  W ater and Power R esources 
S e rv ic e  S o i ls  L ab o ra to ry , u s in g  a la rg e  c a p a c ity  d i r e c t  sh e a r  t e s t i n g  
m achine. The sam ples were w e tted  betw een 15 and 22 p e rc e n t m o is tu re  
by w eigh t and com pacted in  a  4 .25  in c h  d iam e te r mold u s in g  f iv e ,  500 
gram l i f t s .  Every a tte m p t was made to  m a in ta in  a c o n s ta n t com pactive 
e f f o r t  in  a l l  sam ples. The com pacted sam ples were sawed in  h a l f  and
each h a l f  was h e ld  in  p la c e  in  a t e s t i n g  r in g  w ith  p l a s t e r  o f  p a r i s .
- J
The r e s u l t s  o f  th e  d i r e c t  sh e a r  t e s t s  on rem olded c o l lu v ia l  m a te r ia l  
a r e  summarized in  T ab le  8 and F ig u re  16. L in ea r r e g re s s io n  f i t  o f  
a l l  peak sh e a r  s t r e n g th  d a ta  from low er r e s e r v o i r  sam ples y ie ld e d  th e  
fo llo w in g  r e la t io n s h ip  w ith  47 p e rc e n t o f  th e  sum o f  th e  sq u a re s  
abou t th e  r e g re s s io n  e x p la in e d :
t  = 1 0 . 8  +  0 . 3 2  oQ
where t  and a Q a re  sh e a r  and norm al s t r e s s  r e s p e c t iv e ly  in  
pounds p e r  sq u are  in ch  ( p s i ) .  L in e a r  re g re s s io n  f i t  o f  a l l  r e s id u a l  
s h e a r  s tr e n g th  d a ta  fhom low er r e s e r v o i r  sam ples y ie ld e d  th e  
fo llo w in g  r e la t io n s h ip  w ith  64 p e rc e n t o f  th e  sum o f  th e  sq u a res  ab o u t
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TABLE 8
SUMMARY OF DIRECT SHEAR TESTS ON REMOLDED COLLUVIAL SAMPLES
SAMPLE PEAK PEAK RESIDUAL RESIDUAL
NUMBER FRICTION COHESION FRICTION COHESION
ANGLE ( p s i )  ANGLE ( p s i )
( d e g re e s ) ( d e g re e s )
PNM-02 26.5 9.1 32.8 4 .8
PNM-07 14.8 7 .7 21.8 5.0
PNM-10 10.9 15.6 18.6 8 .5
EV-02 16.9 8 .7 17.5 5.5
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th e  r e g re s s io n  e x p la in e d :
t  = 6 .5  + 0 .43  a
0
where i  and oq a re  sh e a r  and norm al s t r e s s  r e s p e c t iv e ly  in
p s i .  A n a ly s is  o f  one sam ple from E l Vado R ese rv o ir dem onstra ted  th e
s i m i l a r i t y  o f  th e  m a te r ia l  th e re  w ith  th e  m a te r ia ls  a t  th e  low er 
r e s e r v o i r .  L in e a r  r e g re s s io n  o f  d a ta  from one sam ple a t  E l Vado 
R e se rv o ir  y ie ld e d  th e  fo llo w in g  r e l a t io n s h ip  fo r  peak sh e a r  s t r e n g th  
w ith  98 p e rc e n t o f th e  sum o f  th e  sq u a res  about th e  re g re s s io n  
e x p la in e d :
t  = 8 . 7 + 0 . 3 0  a Q
L in ea r re g re s s io n  o f  El Vado R ese rv o ir  d a ta  y ie ld e d  th e  fo llo w in g  
r e la t io n s h ip  f o r  r e s id u a l  sh e a r  s t r e n g th  w ith  89 p e rc e n t o f  th e  sum 
o f  th e  sq u a re s  ab o u t th e  r e g re s s io n  e x p la in e d :
t  = 5 .5  + .32 a0
These sh e a r  s t r e n g th  v a lu e s  p ro b ab ly  r e p re s e n t  an upper l im i t  o f
s h e a r  s t r e n g th  fo r  th e  " i n - s i t u "  c o l lu v i a l  m a te r ia ]  a t  th e  low er 
r e s e r v o i r .  The la b o ra to ry  r e s u l t s  a re  based  on rem olded sam ples th a t  
w ere: 1) more dense th an  th e  " i n - s i t u "  m a te r ia l ,  2) t e s t e d  a t  a
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w ate r c o n te n t betw een 15-20 p e rc e n t which i s  below s a tu r a t io n  w hereas 
th e  " i n - s i t u ” c o l lu v ia l  m a te r ia l  w i l l  be e i t h e r  f u l l y  s a tu r a te d ,  
p a r t i a l l y  s a tu r a te d  o r subm erged. Two f a c to r s  which reduce  t h i s
e f f e c t  a r e :  1) th e  la b  sam ples were t e s t e d  on sawed s u r fa c e s  making
in te r g r a n u la r  lo c k in g  l e s s  l i k e l y ,  and 2) th e  sam ples were t e s t e d  
under u n d ra in ed  c o n d itio n s  and th e r e f o r ,  ex cess  po re  p re s s u re s  a t  o r 
n e a r th e  s l id in g  s u r fa c e  were p o s s ib le .
An e a r l i e r  s tu d y  re p o r te d  sh ea r s t r e n g th  v a lu e s  f o r  th e  s u r f i c i a l  
m a te r ia l  a t  th e  low er r e s e r v o i r  (Woodward Clyde C o n su lta n ts , 1978) 
based  on t r i a x i a l  t e s t s .  The r e s u l t s  o f  th e se  t r i a x i a l  t e s t s  y ie ld e d  
th e  fo llo w in g :
T o ta l s t r e s s  p a ra m e te rs : 0 = 17° , c = 400 p s f
E f f e c t iv e  s t r e s s  p a ra m e te rs : 0 = 29° , c = 300 p s f
I n - S i tu  P u l l  T e s ts
I n - s i t u  p u l l  t e s t s  were perform ed a t  a l l  r e s e r v o i r s .  These p u l l  
t e s t s  were done to  approx im ate  th e  i n - s i t u ,  z e ro - lo a d  sh e a r  s t r e n g th  
o f w eath ered , i n t a c t  Mancos S h a le  and th e  o v e rly in g  c o l lu v ia l  
m a te r i a l .  The r a th e r  c rude  t e s t  a p p a ra tu s  i s  shown in  F ig u re  17. 
The t e s t  p ro ced u re  c o n s is te d  o f  d r iv in g  th e  p ick  o r sh o v el in to  th e
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n a tu r a l  m a te r ia l  and p u l l in g  p a r a l l e l  to  th e  hand le  u n t i l  a  lo c a l  
f a i l u r e  o ccu rred  in  th e  i n - s i t u  m a te r ia l .  The t o t a l  fo rc e  re q u ire d  
to  produce t h i s  f a i l u r e  was in d ic a te d  by th e  tandem s p r in g s  and 
reco rd ed  f o r  each t e s t .  Most f a i l u r e s  o ccu rred  as a  very  slow  b u t
v i s i b l e  s t r a i n  a t  ap p ro x im a te ly  90 p e rc e n t o f  th e  t o t a l  f a i l u r e  lo a d ,
fo llo w ed  by a sudden, com plete f a i l u r e  as th e  f a i l u r e  lo ad  was
re a c h e d .
R eduction  o f  th e  t e s t  d a ta  to  m ean ingfu l e s t im a te s  o f  th e  z e ro - lo a d  
sh e a r  s t r e n g th  (co h esio n ) o f  th e  i n - s i t u  m a te r ia ls  was done a s  
fo llo w s . The f a i l u r e  s u r fa c e  f o r  a l l  t e s t s  u s in g  th e  sh o v e l was 
assumed to  look  l i k e  th e  f a i l u r e  s u r fa c e  shown in  F ig u re  17. T h is
assum ption  was based  on th e  most f r e q u e n t ap p earance  o f  th e  lo c a l
f a i l u r e  zones a f t e r  com pletion  o f  each t e s t .  The t o t a l  s u r fa c e  a re a  
o f  t h i s  assumed f a i l u r e  s u r fa c e  was then  c a lc u la te d  f o r  v a r io u s  
sh o v el s t i c k - u p s .  Using a curve developed from th e se  c a lc u la t io n s  
th e  f a i l u r e  s t r e s s  was determ ined  f o r  each t e s t  by d iv id in g  th e  t o t a l  
fo rc e  re q u ire d  to  p roduce f a i l u r e  by th e  t o t a l  c a lc u la te d  f a i l u r e  
s u r fa c e  a r e a .  These c a lc u la te d  v a lu e s  o f f a i l u r e  s t r e s s  a re  shown in  
T ab le  9 . The mean o f  th e  f i f t e e n  t e s t s  i s  2 .1  p s i  and th e  s ta n d a rd
d e v ia t io n  abou t t h i s  mean i s  1.3 p s i .  T his in d ic a te s  th a t  th e
i n - s i t u ,  z e ro  lo a d  sh e a r  s t r e n g th  o f  th e  c o l lu v ia l  m a te r ia l  in  th e






















( p s i )
1.40 T a lu s , p u l l downslope
1.57 T a lu s , p u l l downslope
2 .04 T a lu s , p u l l downslope
0.99 T a lu s , p u l l downslope
1.27 T a lu s , p u l l downslope
1.11 T a lu s , p u l l a c ro ss  s lo p e
4.19 T a lu s , p u l l a c ro s s  s lo p e
1.92 T a lu s , p u l l downslope
1.36 T a lu s , p u l l downslope
1.20 T a lu s , p u l l downslope
0 .97 T a lu s , p u l l a c ro s s  s lo p e
1.35 T a lu s , p u l l downslope
2.19 T a lu s , p u l l downslope
4.60 T a lu s , p u l l a c ro s s  s lo p e
4.66 T a lu s , p u l l a c ro s s  s lo p e
s td .  dev . = 1.3
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S im ila r  a n a ly s is  was a tte m p ted  u s in g  d a ta  from p u l l  t e s t s  u s in g  th e  
p ic k  end o f  th e  t e s t i n g  a p p a r a tu s . T his was abandoned because th e  
h ig h ly  e r r a t i c  geom etry o f th e  f a i l u r e  su r fa c e s  from th e se  t e s t s  d id  
n o t p e rm it a  c o n s is te n t  d e te rm in a tio n  o f  th e  f a i l u r e  s t r e s s .
CONCLUSIONS FROM TESTING
S ieve a n a ly s is  o f th e  c o l lu v i a l  m a te r ia l  below th e  h ig h  w a te r le v e l  
a t  each r e s e r v o i r  a r e  s im i la r ,  c o n s is t in g  o f g ra v e l ly  sand o r sandy 
g ra v e l  m a te r ia l  com prised  o f th in ,  p la ty  sh a le  p a r t i c l e s  to  1.5 
in c h es  lo n g . As shown in  F ig u re  14, g ra d a tio n  cu rv es  o f  c o l lu v ia l  
m a te r ia l  from th re e  o f  th e  case  h is to r y  r e s e r v o i r s  f a l l  w ith in  o r 
c lo s e  to  th e  envelope fo r  a l l  sam ples from th e  low er r e s e r v o i r .
A tte rb e rg  l im i t s  t e s t s  from th e  c a s e - h is to r y  r e s e r v o i r s  f a l l  w ith in  
th e  range  o f  v a lu e s  o b ta in e d  from t e s t s  run on e lev en  sam ples from 
low er r e s e r v o i r  (T ab le  7 ) .  These t e s t s  in d ic a te  th a t  th e  f in e  
f r a c t io n  o f  th e  c o l lu v ia l  m a te r ia l ,  g e n e ra l ly  l e s s  th an  10 p e rc e n t o f 
th e  t o t a l  sam ple by w e ig h t, i s  s i l t - l i k e  in  c h a r a c te r  f a l l i n g  j u s t  
below  th e  "A -lin e "  on a C asagrande p l a s t i c i t y  c h a r t .
The l i th o lo g y  and A tte rb e rg  l im i t s  index  o f Mancos S h a le  sam p les , as 
w e ll a s  g ra d a tio n  and sh e a r  s t r e n g th  o f  c o l lu v ia l  m a te r ia l  d e riv e d  
from th e  s h a le , i s  s im i la r  f o r  a l l  r e s e r v o i r s  s tu d ie d .  T h is
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s i m i l a r i t y  o f m a te r ia l  d e s c r ip t io n  and p r o p e r t ie s  makes p r e d ic t io n  o f 
f u tu r e  perform ance o f  th e  s lo p e s  a t  th e  low er r e s e r v o i r ,  based  on th e  
observed  perform ance o f  case  h is to r y  r e s e r v o i r  s lo p e s , c r e d ib le  and 
u s e f u l .
The second c y c le  s la k e  d u r a b i l i ty  index  o b ta in e d  fo r  bag sam ples a t  
th e  low er r e s e r v o i r  was m arkedly d i f f e r e n t  from th a t  from one bag 
sam ple from E l Vado R ese rv o ir  and from Green M ountain R e se rv o ir . The 
sample from E l Vado R e se rv o ir  y ie ld e d  a much low er v a lu e  o f Id ^ , 
8 .0  a s  compared to  7 1 .0 . T h is  in d ic a te s  th a t  th e  Mancos S h a le  a t  E l 
Vado R ese rv o ir  i s  l e s s  d u ra b le  th an  th e  sh a le  a t  th e  low er 
r e s e r v o i r .  T h is  makes E l Vado r e s e r v o i r  a  good case  h i s to r y  example 
because a lth o u g h  i t  has undergone only  a  y e a r ly  w a te r le v e l  
f lu c tu a t io n ,  th e  low d u r a b i l i t y  o f  th e  Mancos S hale  should  make th e  
p re s e n t  c o n f ig u ra t io n  o f  th e  r e s e r v o i r  s lo p e s  s im i la r  to  th a t  which 
can be ex p ec ted  a t  th e  low er r e s e r v o i r .  More f re q u e n t w ater l e v e l  
f lu c tu a t io n s  in  more d u ra b le  sh a le  a t  th e  low er r e s e r v o i r  may produce 
a  s im i la r  c o n f ig u ra t io n  a s  y e a r ly  w ater le v e l  f lu c tu a t io n s  in  l e s s  
d u ra b le  s h a le  a t  E l Vado R e se rv o ir .
The w orst c o r r e la t io n  between th e se  p r o p e r t ie s  and o b se rv a tio n s  
occu rs  between th e  P ie r r e  S ha le  a t  Green M ountain R e se rv o ir  and th e  
Mancos S ha le  a t  th e  low er r e s e r v o i r .  A tte rb e rg  l im i t s  were low er fo r  
th e  P ie r r e  S h a le . The s ie v e  a n a ly s is  produced a somewhat c o a r s e r
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g ra d a tio n  curve and th e  second c y c le  s l a k e - d u r a b i l i ty  index  was 
h ig h e r  f o r  th e  P ie r r e  S h a le . The dep th  o f  c o l lu v i a l  m a te r ia l  was 
s l i g h t l y  l e s s  a t  Green M ountain R ese rv o ir  than  a t  th e  o th e r  case  
h i s to r y  r e s e r v o i r s ,  b u t th e  o v e r a l l  sh a le  s lo p e  an g le s  were very  
s im i la r .
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SLOPE STABILITY ANALYSIS 
In tro d u c t io n
An a c c u ra te  p r e d ic t io n  o f  th e  s t a b i l i t y  o f th e  low er r e s e r v o i r  s lo p es  
d u rin g  o p e ra tio n  o f  th e  pumped s to ra g e  f a c i l i t y  i s  c r i t i c a l  to  a 
v a l id  e v a lu a tio n  o f f u tu r e  r e s e r v o i r  perfo rm ance. The s lo p e  
s t a b i l i t y  a n a ly s is  m ust in c lu d e  b o th  e m p ir ic a l s lo p e  s t a b i l i t y
c a lc u la t io n s  fo r  a l l  p o s s ib le  ty p es  o f s lo p e  f a i l u r e s ,  and 
o b s e rv a tio n s  from e x i s t in g  c ase  h i s to r y  r e s e r v o i r s .  E m p iric a l s lo p e  
s t a b i l i t y  c a lc u la t io n s  f o r  a l l  p o s s ib le  ty p es  o f  s lo p e  f a i l u r e  must 
be based  on: 1) r e p r e s e n ta t iv e  s t r e n g th  p a ram ete rs  o f s lo p e
m a te r ia ls  from la b o ra to ry  t e s t i n g  o f  th o se  m a te r ia ls  and , 2)
re a so n a b le  assum ptions o f p ie z o m e tr ic  c o n f ig u ra t io n s  w ith in  th e
s lo p e s  produced by o p e ra tio n  o f  th e  f a c i l i t y .
The rock  s lo p e  f a i l u r e s  t h a t  a r e  p o s s ib le  w ith in  th e  low er r e s e r v o i r  
in c lu d e  wedge, p la n e , to p p l in g ,  and c i r c u l a r  f a i l u r e s  and r o c k f a l l s .  
Schem atic d iagram s i l l u s t r a t i n g  each o f  th e se  ty p e s  o f  f a i l u r e  a re  
shown in  F ig u re  18.
The s o i l  s lo p e  f a i l u r e s  t h a t  a r e  p o s s ib le  w ith in  th e  low er r e s e r v o i r  
a re  c i r c u l a r  f a i l u r e s ,  o r s l id in g  f a i l u r e s  on a p la n e  lo c a te d  a few 











(FROM HOEK A N D  BRA Y , 1977)
MODES OF POSSIBLE SLOPE FAILURE  
AT THE LOWER RESERVOIR
Figure 18
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slump la n d s l id e s  (S c h u s te r  and D rizek , 1978) and a re  i l l u s t r a t e d  in  
F ig u re  18.
Rock F a i lu r e s
Wedge f a i l u r e s  occur when p la n es  o f  d is c o n t in u i ty ,  such a s  j o i n t s ,  
f a u l t s ,  f r a c tu r e s  o r  bedding  p la n e s , a re  o r ie n te d  such th a t  t h e i r  
i n t e r s e c t io n  forms wedges o f  rock  m a te r ia l .  I f  th e  i n t e r s e c t io n  
p lu n g es  s te e p e r  than  th e  f r i c t i o n  a n g le  o f  th e  d i s c o n t in u i t i e s  b u t 
sh a llo w e r th an  th e  s lo p e  a n g le , wedge f a i l u r e  i s  p o s s ib le .  The 
c o n d itio n  d e sc rib e d  above i s  c a l le d  a d a y lig h te d  f a i l u r e  s u r f a c e .  
T his term  w i l l  be used in  su b seq u en t d is c u s s io n s .
S te re o g ra p h ic  p ro je c t io n  o f  d i s c o n t in u i t i e s  m easured a t  th e  low er 
r e s e r v o i r  i s  shown in  th e  Schm idt d iagram s in  F ig u re s  8 , 9 and 10. A 
d is c u s s io n  o f  th e se  d i s c o n t in u i t i e s  i s  in c lu d e d  in  th e  geology 
s e c t io n  o f  t h i s  r e p o r t .  To form d a y lig h te d  f a i l u r e  s u r f a c e s ,  th e  
in t e r s e c t io n  o f  th e se  d i s c o n t in u i t i e s  m ust f a l l  w ith in  th e  shaded 
re g io n  shown in  F ig u re  19 and F ig u re  20. T h is  r e p r e s e n ts  th e  zone o f  
p o s s ib le  d a y lig h te d  f a i l u r e  s u r f a c e s  and i s  bounded by th e  f r i c t i o n  
a n g le  f o r  G allup  Sandstone and Mancos S h a le , r e s p e c t iv e ly ,  and th e  
maximum s lo p e  an g le  found in  th e  low er r e s e r v o i r  (P la te  3 )•  I t  i s  
c l e a r  from th e se  d iagram s th a t  th e  in t e r s e c t io n  o f  th e  th r e e ,  n e a r ly  
o rth o g o n a l j o in t  s e t s  in  b o th  th e  G allup  S andstone and Mancos S hale
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MAXIMUM SLOPE ANGLE, 33°
FRICTION ANGLE MAN COS SHALE JOINTS, 22°
ZONE OF POTENTIAL INSTABILITY DUE TO WEDGE FAILURE
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EQUAL A R E A  PLOT INTERSECTION O F GALLUP SAND STO N E  








f a l l  w e ll o u ts id e  t h i s  c r i t i c a l  re g io n  fo r  wedge f a i l u r e .  T h e re fo r , 
f u r th e r  a n a ly s is  o f  wedge f a i l u r e s  w ith in  th e  low er r e s e r v o i r  i s  n o t 
r e q u ire d .
No wedge f a i l u r e s  were observed  in  th e  low er r e s e r v o i r  a re a  d u ring  
th e  g eo lo g ic  mapping e f f o r t .
P lan e  f a i l u r e  i s  a s p e c ia l  case  o f  wedge f a i l u r e  c h a r a c te r iz e d  by
s l id in g  on a s in g le  p la n e . The fo llo w in g  g e o m e tr ic a l c o n d itio n s  must 
be met fo r  p la n e  f a i l u r e  to  o ccu r: (Hoek and B ray, 1977, p . 150)
1) The p lan e  on which s l id in g  occurs  must s t r i k e  n e a r ly
p a r a l l e l  (w ith in  ab o u t 20 d eg rees) to  th e  s lo p e  fa c e .
2) The f a i l u r e  p la n e  m ust d a y l ig h t  in  th e  s lo p e  f a c e .
3) The d ip  o f  th e  f a i l u r e  p la n e  must be g r e a te r  th an  th e  an g le
o f  f r i c t i o n  o f  t h a t  p la n e .
4) R elease  s u r fa c e s  which p ro v id e  n e g l ig ib le  r e s i s ta n c e  to  
s l id in g  m ust be p re s e n t  in  th e  rock  mass to  d e f in e  th e  
l a t e r a l  b o u n d arie s  o f  th e  s l i d e .
A n a ly sis  f o r  p la n e  f a i l u r e  i s  s im i la r  to  th a t  used  to  d e term ine  th e  
r i s k  o f  wedge f a i l u r e .  The s te re o g ra p h ic  p r o je c t io n  o f G allup  
Sandstone and Maneos S hale  j o i n t s  a re  shown in  F ig u re  21 and F ig u re  
22. P lane  f a i l u r e  can o ccu r on ly  i f  a d is c o n t in u i ty  l i e s  w ith in  th e
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MAXIMUM SLOPE ANGLE, 33*
FRICTION ANGLE MANCOS SHALE JOINTS, 22°
ZONE OF POTENTIAL INSTABILITY DUE TO PLANE FAILURE
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shaded re g io n  on th e se  f ig u r e s .  I t  i s  c le a r  th a t  th e  th r e e  m ajor 
d i s c o n t in u i t i e s  in  each l i th o lo g y  f a l l  w e ll o u ts id e  t h i s  c r i t i c a l  
r e g io n . T h e re fo r , f u r th e r  c o n s id e ra t io n  o f  p la n e  f a i l u r e  w ith in  th e  
low er r e s e r v o i r  a re a  i s  n o t r e q u ire d .
No p lan e  f a i l u r e s  were observed  in  th e  low er r e s e r v o i r  a re a  d u ring  
th e  g e o lo g ic  mapping e f f o r t .
T oppling f a i l u r e s  occur in  h a rd , com petent ro ck s  and in v o lv e  th e  
r o t a t io n  o f  columns o r  b lo ck s  o f  rock  abou t a f ix e d  b a se . Two 
g e o m e tr ic a l c o n d itio n s  make to p p lin g  f a i l u r e  p o s s ib le :
1) U n d e rcu ttin g  th e  b lo ck  o r column beyond th e  c e n tr o id  o f  i t s  
b a se .
2) The geom etry and th e  in c l in a t io n  o f  th e  column o r b lock  
which i s  u n re s tr a in e d  in  one d i r e c t io n ,  cause  th e  r e s u l t a n t  
o f th e  b lock  to  f a l l  o u ts id e  o f  i t s  b a se .
The sequence o f  to p p lin g  f a i l u r e  a t  th e  low er r e s e r v o i r  i s  to p p lin g  
and slum ping o f  rock  columns by w e a th e rin g , e ro s io n  and s lo p e  r e t r e a t  
o f  th e  u n d e rly in g  Mancos S h a le .
Q u a n ti ta t iv e  a n a ly s is  o f  to p p lin g  f a i l u r e s  i s  d i f f i c u l t , p a r t i c u l a r l y  
when th e  mechanism fo r  f a i l u r e  i s  u n d e rc u ttin g  by e ro s io n  o f
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u n d e rly in g  m a te r ia l s .  The GaJ-lup S andstone i s  n e a r ly  h o r iz o n ta l  a t  
th e  low er r e s e r v o i r  and th e  j o i n t  sp ac ing  ran g es  from 0 .5  f t  to
g r e a te r  than  15 f t ,  av e rag in g  th re e  to  f iv e  f t .  G allup  Sandstone 
b lo c k s  observed  on co llu v iu m -co v e red  s lo p e s  range from l e s s  th an  one 
f t  p e r  s id e  to  15 f t  by 40 f t  by 60 f t  b lo c k s . I t  i s  p re d ic te d  from 
th e se  o b se rv a tio n s  and from th e  e x is te n c e  o f  la rg e  G allup  Sandstone 
b lo c k s  in  a s t a t e  o f  in c ip ie n t  to p p lin g  f a i l u r e ,  th a t  a d d i t io n a l
e ro s io n  o f th e  Mancos S hale  le a d in g  to  f u r th e r  u n d e rc u ttin g  o f  th e  
G allup  S andstone by one to  seven f t .  w i l l  produce a d d i t io n a l  to p p lin g  
f a i l u r e s  a t  th e  low er r e s e r v o i r .  T oppling  f a i l u r e  w i l l  c o n tin u e  to  
develop  in  two ways: 1) t r u e  to p p lin g  where th e  b lo ck  t i p s  over and
r e s t s  on th e  low er s h a le  s lo p e , and 2) slum ping o f  th e  b lock  as th e  
base  r o t a t e s  ou t and down on a l o c a l  slump f a i l u r e  in  th e  u n d e rly in g  
Mancos S h a le . A f te r  each ty p e  o f  to p p lin g  f a i l u r e ,  th e  de tached  
G allup  Sandstone b lock  w i l l  c reep  down th e  co llu v iu m -co v ered  Mancos 
S h a le  s lo p e .
Toppling  f a i l u r e s  o f  th e  ty p es  d e sc r ib e d  above were observed  in  th e
low er r e s e r v o i r  d u rin g  th e  g eo lo g ic  mapping e f f o r t .  These were most
p re v a le n t  in  "nose" a r e a s ,  a re a s  eroded  on th re e  s id e s ,  and in v o lv ed  
san d sto n e  b lo ck s  up to  60 f t  by 40 f t  by 15 f t .  In  a d d i t io n ,  s e v e ra l  
p la c e s  around th e  canyon rim  in  th e  low er r e s e r v o i r  a re a  a re  in  a 
s t a t e  o f  in c ip ie n t  to p p lin g  f a i l u r e  where la rg e  san d sto n e  b lo ck s  a re  
s e p a ra te d  from th e  san d sto n e  mass by te n s io n  c ra c k s  up to  two
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f e e t  w ide.
C irc u la r  f a i l u r e s  a re  g e n e r a l ly  r e s t r i c t e d  to  s o i l  o r  f in e ly  c ru shed  
rock  from m ining o r m il l in g  o p e ra t io n s  b u t can a ls o  occur in  v e ry  
s o f t  o r h ig h ly  w eathered  rock  m asses. As th e  name im p lie s ,  c i r c u l a r  
f a i l u r e s  fo llo w  n e a r ly  c i r c u l a r  s l i p  s u r fa c e s  when r e s i s t i n g  fo r c e s ,  
i . e . ,  co h es io n  and f r i c t i o n ,  a r e  exceeded by d r iv in g  f o r c e s .
C ir c u la r  f a i l u r e s  were an a ly zed  fo r  th e  p o r t io n s  o f  Mancos S hale  
s lo p e s  in  th e  low er r e s e r v o i r .  F ive  s e c t io n s  were chosen f o r  th e se  
a n a ly s e s .  T h e ir lo c a t io n s  a re  shown on P la te  1. C ir c u la r  f a i l u r e s  
a r e  u n l ik e ly  in  th e  Mancos S h a le  and im p o ss ib le  in  th e  G allup  
S an d sto n e . The a n a ly s is  was made w ith  a  SWEC com puter program  which 
uses  B ish o p 's  s l i p - c i r c l e  a n a ly s i s .  The c i r c u l a r  f a i l u r e  would have 
to  occur p r im a r i ly  th rough  i n t a c t  Mancos S h a le , th e r e f o r  i n t a c t  
s t r e n g th  p a ram ete rs  were used fo r  t h i s  a n a ly s is .  These s t r e n g th  
p a ram e te rs  were:
0 = 28 d eg rees  ; c = 75 p s i  ; Y= 138 p c f
where 0 i s  th e  f r i c t i o n  a n g le , c i s  th e  cohesion  and Y i s  th e  
d e n s i ty  o f  th e  Mancos S h a le .
The f a c to r s  o f  s a f e ty  fo r  th e  Mancos S hale  s lo p e s  from t h i s  a n a ly s is
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a re  summarized in  T ab le  10. The lo w est f a c to r  o f s a f e ty  fo r  a f u l l y  
s a tu r a te d  s lo p e  and th e  most c r i t i c a l  c i r c l e  f o r  any s e c tio n  i s  2 .1 .  
T h e re fo r , c i r c u l a r  f a i l u r e  in  th e  Mancos S hale  i s  e l im in a te d  from
f u r th e r  c o n s id e ra t io n .
R o c k fa lls  occur in  hard  com petent ro ck s  on n ea r v e r t i c a l  s lo p e s . 
R o c k fa lls  a re  th e  f r e e - f a l l  o f  de tached  rock  b lo c k s . T his ty p e  o f 
f a i l u r e  i s  p o s s ib le  in  th e  G allup  Sandstone bu t i s  c o n s id e red  
in s i g n i f i c a n t  to  s u c c e s s fu l  o p e ra tio n  o f th e  r e s e r v o i r  and th e r e f o r  
i s  n o t c o n s id e re d  f u r th e r  in  t h i s  r e p o r t .
i
S o il  F a i lu r e s
C irc u la r  f a i l u r e s  a re  d e sc r ib e d  above. F a i lu r e s  th a t  occur as
s l id in g  on a p la n e  lo c a te d  a few f e e t  below th e  s u r fa c e  p a r a l l e l  to  
th e  s lo p e  fa c e  a re  s im i la r  to  c i r c u l a r  f a i l u r e s  ex cep t t h a t  th e  
geom etry o f  th e  f a i l u r e  s u r fa c e  i s  d e fin e d  by a p lan e  r a th e r  than  a 
c i r c l e .  Because o f  th e  many p a ram ete rs  in v o lv ed  in  d e te rm in a tio n  o f 
s o i l  s lo p e  s t a b i l i t y ,  t h i s  a n a ly s is  was begun u s in g  a s e n s i t i v i t y  
a n a ly s i s .  The s e n s i t i v i t y  a n a ly s is  was perform ed to  d e term ine  th e  
in f lu e n c e  o f  each o f  th e se  p a ram ete rs  on th e  s t a b i l i t y  o f  each
s lo p e . Two s e t s  o f g e n e ra l  e q u a tio n s  were used  fo r  t h i s  s e n s i t i v i t y  
a n a ly s is ,  one by Duncan and B uchignani and th e  o th e r  by Hoek and
B ray . The e q u a tio n s  by Duncan and B uchignani were developed f o r  th e
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TABLE 10
CALCULATED SAFETY FACTORS FOR MANCOS SHALE SLOPES 
AT THE LOWER RESERVOIR BY BISHOP'S SLIP CIRCLE ANALYSIS












s h e a r  s t r e n g th  assum ption  f o r  i n t a c t  Mancos s h a le :  
0 = 28 d e g re e s , c = 75 p s i
po re  p re s s u re  assum ption : f u l l y  s a tu r a te d
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case  o f  f a i l u r e  a lo n g  a p la n e  and th e  c h a r ts  by Hoek and Bray a re  fo r  
c i r c u l a r  a rc  f a i l u r e s  in  s lo p e s  o f  uniform  m a te r ia l .  The r e s u l t s  o f  
each s e n s i t i v i t y  a n a ly s is  a r e  shown in  F ig u re  23 and F ig u re  24. Both 
a n a ly se s  y ie ld  s im ila r  t r e n d s ,  a lth o u g h  th e  a b so lu te  v a lu e  o f  th e  
s a f e ty  f a c to r  o b ta in e d  from each sou rce  i s  d i f f e r e n t .  The s t a b i l i t y  
o f th e  s o i l  s lo p e s  i s  s e n s i t iv e  to  th e  f r i c t i o n  a n g le , co h esio n  and 
c o n f ig u ra t io n  o f  th e  p ie z o m e tr ic  s u r f a c e .  S t a b i l i t y  i s  i n s e n s i t iv e  
to  s o i l  u n i t  w eight and th e  t o t a l  v e r t i c a l  h e ig h t ,o f  th e  s lo p e .
The in te n d e d  r e s u l t  o f  th e se  s lo p e  s t a b i l i t y  c a lc u la t io n s  i s  to  
p r e d ic t  a  s t a b l e  s lo p e  an g le  f o r  th e  low er r e s e r v o i r  s lo p e s  du rin g  
o p e ra t io n  o f  th e  pum ped-storage f a c i l i t y .  The p re d ic te d  s ta b le  s lo p e  
a n g le  i s  dependent on v a lu es  chosen fo r  th e  more s e n s i t iv e  s lo p e  
s t a b i l i t y  p a ra m ete rs ; f r i c t i o n  a n g le , cohesion  and th e  lo c a t io n  o f 
th e  p ie z o m e tr ic  s u r fa c e  w ith in  th e  s lo p e . There a re  many 
u n c e r t a in t i e s  in v o lv e d  w ith  s e le c t io n  o f  th e  v a lu e  o f  th e se  im p o rtan t 
p a ram ete rs  f o r  t h i s  a n a ly s i s .  A d is c u s s io n  o f  th e se  u n c e r t a in t i e s ,  
th e  range o f  p o s s ib le  v a lu e s  f o r  each p aram ete r and th e  v a lu e  assumed 
in  t h i s  a n a ly s is  fo llo w s .
The f u tu r e  s t r e n g th  o f  c o l lu v i a l  m a te r ia l  in tro d u c e s  some u n c e r ta in ty  
to  th e  s lo p r  s t a b i l i t y  a n a ly s i s .  Lab t e s t  d a ta  a re  a v a i la b le  fo r  
t h i s  m a te r ia l  in  i t s  p re s e n t  s t a t e ,  b u t th e re  i s  some u n c e r ta in ty  
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change due to  s la k in g  and o th e r  w eath erin g  mechanisms over th e  l i f e  
o f th e  p r o je c t .  The s t r e n g th  o f  th e se  m a te r ia ls  w i l l  p ro b ab ly  be 
reduced  by th e se  p ro c e sse s  b u t th e  m agnitude o f  t h i s  re d u c tio n  i s  
u n c e r ta in .  T h e re fo r , th e  f i r s t  assum ption  made f o r  t h i s  a n a ly s is  i s  
t h a t  th e se  s t r e n g th  p a ram ete rs  w i l l  n o t change s i g n i f i c a n t ly  d u rin g  
th e  l i f e  o f th e  f a c i l i t y .
The re p o r te d  s t r e n g th  p a ram e te rs  f o r  r e s id u a l  t a lu s  m a te r ia l  from 
t h i s  and p re v io u s  s tu d ie s  (Woodwad-Clyde C o n su lta n ts , 1978) a r e :  1)
f r i c t i o n  a n g le  17.7 (p e a k ) , 23.4  ( r e s id u a l ) ,  17 ( t o t a l  s t r e s s )  and 29 
( e f f e c t i v e  s t r e s s )  d e g re e s , and co hesion  1555 (p e a k ) , 936 ( r e s i d u a l ) ,  
400 ( t o t a l  s t r e s s )  and 300 ( e f f e c t iv e  s t r e s s )  pounds p e r square  
f o o t .  A fte r  c o n s id e ra t io n  o f  th e  ty p e  o f  t e s t  and th e  m a te r ia l  
in v o lv e d  in  each t e s t ,  th e  fo llo w in g  v a lu e s  were s e le c te d  f o r  use in  
th e  s t a b i l i t y  a n a ly s e s :  0 = 2 3  d e g re e s , c = 300 p s f .
The p o s i t io n  o f  th e  p ie z o m e tr ic  s u r fa c e  w ith in  th e  c o l lu v ia l  m a te r ia l  
i s  a n o th e r  a re a  o f  u n c e r ta in ty  to  th e  s lo p e  s t a b i l i t y  a n a ly s i s .  The 
p o s i t io n  o f th e  p ie z o m e tr ic  s u r fa c e  w i l l  depend on th e  maximum 
drawdown r a t e ,  th e  d u ra t io n  o f th a t  drawdown r a t e ,  and th e  
p e rm e a b il i ty  o f th e  c o l lu v ia l  m a te r ia l .  T his a n a ly s is  must c o n s id e r  
th e  w o rs t c a s e . The maximum a n t ic ip a te d  drawdown r a t e  would o ccu r i f  
th e  upper r e s e r v o i r  was empty and was th en  pumped c o n tin u o u s ly  u n t i l  
f u l l .  T his would tak e  18.8 hou rs and produce a c o n s ta n t drawdown
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r a t e  in  th e  low er r e s e r v o i r  o f  3 .5  f t  p e r h o u r. The t o t a l  change in  
th e  low er r e s e r v o i r  w a te r l e v e l  would be 65 f t .  S ieve  a n a ly se s  o f 
c o l lu v ia l  m a te r ia l  from th e  low er r e s e r v o i r  in d ic a te  th a t  t h i s  
m a te r ia l  i s  a g r a v e l ly  sand . E s tim a ted  v a lu es  f o r  h y d ra u lic  
c o n d u c tiv i ty  o f  g r a v e l ly  sand range from 10^ to  10” ^ f t /m in .  (Bu. 
R e c ., 1977, p . 29 , Bu. R e c . , 1978). T his i s  b e s t  d e sc r ib e d  as
m odera te ly  perm eable when compared to  the  range  o f  p e r m e a b i l i t ie s  
a s s o c ia te d  w ith  f in e  to  co a rse  g ra in e d  s o i l s .  Knowing both  th e  w o rst 
case  drawdown r a t e  and th e  h y d ra u lic  c o n d u c tiv i ty  o f  th e  c o l lu v ia l  
m a te r ia l ,  i t  i s  s t i l l  ve ry  d i f f i c u l t  to  p r e d ic t  th e  c o n f ig u ra t io n  o f 
th e  p ie z o m e tr ic  s u r fa c e  a t  th e  end o f th e  drawdown c y c le . The two 
extrem e case s  a re  t h a t  th e  c o l lu v i a l  m a te r ia l  would be e i t h e r  f u l l y  
s a tu r a te d  o r f u l l y  d ra in e d .
Because o f th e  d i f f i c u l t i e s  d e sc r ib e d  above in  p re d ic t in g  th e  
c o n f ig u ra tio n  o f th e  p ie z o m e tr ic  s u r fa c e  in  th e  s o i l  s lo p e s , s e v e ra l  
c o n d itio n s  were in c lu d e d  in  th e  s lo p e  s t a b i l i t y  c a lc u la t io n s .  These 
c a se s  w ere: 1) f u l l  s a tu r a t io n  o f  th e  e n t i r e  s lo p e  co rre sp o n d in g  to
a ra p id  drawdown case  w ith  no d ra in ag e  o f  s u r f i c i a l  m a te r ia l s ,  2) 
p ie z o m e tr ic  s u r fa c e  lo c a te d  u n ifo rm ly  th re e  f e e t  below th e  s u r fa c e  o f 
th e  s lo p e , 3) f u l l y  d ra in e d , i . e .  th e  p ie z o m e tr ic  s u r fa c e  c o in c id e s  
w ith  th e  c o n ta c t  betw een th e  s u r f i c i a l  m a te r ia l  and th e  u n d e rly in g  
Mancos S h a le , and 4) submerged c a se , th e  low er r e s e r v o i r  i s  f i l l e d  
to  E l .  6565 f t .
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The s t a b i l i t y  o f  c o l lu v ia l  m a te r ia l  was an aly zed  a t  f iv e  s e c t io n s  
u s in g  a SWEC com puter program  which c a lc u la te s  s a f e ty  f a c to r s  u s in g  
B ish o p 's  s l i p  c i r c l e  f a i l u r e s .  The lo c a t io n s  o f  th e se  f iv e  s e c t io n s  
a r e  shown on P la te  1. The m ost c r i t i c a l  c i r c l e  c e n te r  and r a d iu s  was 
d e term ined  by th e  com puter which an aly zed  s e v e ra l  hundred c a se s  fo r  
th e  f iv e  s e c t io n s .  A f te r  th e  most c r i t i c a l  c i r c l e  and r a d iu s  were 
d e term ined , s t r e n g th  and pore  p re s s u re  p a ram ete rs  were v a r ie d  and 
co rre sp o n d in g  s a f e ty  f a c to r s  were c a lc u la te d  fo r  each c a se . These 
a re  summarized in  T able 11. The r e s u l t s  in d ic a te  th a t  th e  s a f e ty
f a c to r  fo r  a l l  f iv e  s lo p e s  i s  g r e a te r  th an  u n ity  even fo r  th e  most 
c o n se rv a tiv e  po re  p re s s u re  assum ption , f u l l  s a tu r a t i o n ,  fo r  th e  
s e le c te d  s t r e n g th  p a ra m e te rs ; 0 = 2 3  d eg rees , c = 300 p s f .  The
f a c to r  o f  s a f e ty  fo r  th e  f iv e  s lo p e s  i s  above u n ity  even when th e  
assumed s tr e n g th  o f  th e  c o l lu v i a l  m a te r ia l  i s  reduced  to  0 = 17.7
d eg rees  and c = 300 p s f .  More c o n se rv a tiv e  assum ptions fo r  th e
s t r e n g th  o f  th e  c o l lu v i a l  m a te r ia l  a r e  a ls o  shown in  T able  11. The 
s a f e ty  f a c to r  d rops below u n ity  fo r  many o f  th e se  more c o n se rv a tiv e  
a ssu m p tio n s , b u t they  a re  co n s id e re d  over c o n se rv a tiv e  fo r  th i s  
a n a ly s i s .  The assum ption  th a t  th e  r e s id u a l  t a lu s  m a te r ia l  i s  f u l l y  
d ra in e d  in c re a s e s  th e  c a lc u la te d  s a f e ty  f a c to r  an average  o f  37
p e rc e n t over th e  f u l l y  s a tu r a te d  c a s e . The assum ption  c o n sid e red
m ost re a so n a b le  f o r  t h i s  a n a ly s is  i s  a r a th e r  c o n se rv a tiv e  c a se , th a t  
w ith  th e  p ie z o m e tr ic  s u r fa c e  lo c a te d  un ifo rm ly  3 f t .  below th e  ground 
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th e se  m a te r ia l s .  They would more l i k e l y  be f u l l y  d ra in e d  a t  th e  top 
o f  th e  s lo p e s  and d ra in e d  betw een one and f iv e  f t .  n e a r th e  base  a t  
th e  com ple tion  o f th e  pumping c y c le .  The s lo p e  an g les  o f  th e  f iv e  
s e c t io n s  an a ly zed  ran g es  from 15 to  26 d e g re e s , th e  s te e p e s t  segm ents 
o f th e se  s lo p e s  range from 20 to  32 d e g re e s .
A s im ila r  a n a ly s is  was conducted  u s in g  th e  e q u a tio n s  developed by 
Duncan and B uchignani which app ly  to  th e  s t a b i l i t y  o f th in  v en ee rs  o f  
r e s id u a l  m a te r ia l  c o v e rin g  rock  s lo p e s .  The r e s u l t s  o f  t h i s  a n a ly s is  
a r e  summarized in  F ig u re s  25, 26, and 27. These summarize th e  s a f e ty  
f a c to r s  c a lc u la te d  f o r  s lo p e  a n g le s  ran g in g  from 10 to  50 d eg rees  
u s in g  th re e  d i f f e r e n t  s t r e n g th  p a ram ete rs  fo r  th e  c o l lu v ia l  
m a te r ia l .  S ta b le  s lo p e  a n g le s  fo r  th e  c o l lu v ia l  m a te r ia l  u s in g  th e  
s t r e n g th  p a ram ete rs  f o r  t h i s  a n a ly s is  a re  shown in  F ig u re  25. The 
most c o n se rv a tiv e  po re  p re s s u re  c a s e , f u l l  s a tu r a t io n  o f th e  e n t i r e  
mass o f  c o l lu v i a l  m a te r ia l  on th e  s lo p e , y ie ld s  a s ta b l e  s lo p e  an g le  
o f  20 d e g re e s . L ess c o n s e rv a tiv e  po re  p re s s u re  assu m p tio n s , th re e  f t  
and f u l l y  d ra in e d  c o n d it io n s ,  p r e d ic t  s ta b le  s lo p e  a n g les  o f  22 and 
35 d eg rees  r e s p e c t iv e ly ,  fo r  s u r f i c i a l  m a te r ia l  .
The c a lc u la te d  s t a b l e  s lo p e  a n g le  o f  r e s id u a l  t a lu s  m a te r ia l  assum ing 
a  f r i c t i o n  an g le  o f  23 d e g re e s , co h esio n  o f  300 pounds p e r sq u are  
fo o t  and p ie z o m e tr ie  s u r fa c e  lo c a te d  th re e  f t  below th e  ground 
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and in  ex cess  o f  20 to  26 d eg rees  u s in g  B ish o p 's  s l i p  c i r c l e  a n a ly s is  
o f f iv e  r e p r e s e n ta t iv e  s e c t io n s  in  th e  low er r e s e r v o i r .
P r io r  to  p r e d ic t in g  a  s t a b l e  s lo p e  an g le  f o r  th e  c o l lu v ia l  m a te r ia l  
a t  th e  low er r e s e r v o i r  based  on th e  r e s u l t s  o f  e m p ir ic a l  s lo p e  
s t a b i l i t y  c a lc u la t io n s ,  c o n s id e ra t io n  m ust be g iv en  to  th e  s lo p e  
a n g le s  observed  a t  th e  f iv e  case  h is to r y  r e s e r v o i r s  d e sc rib e d  
p re v io u s ly  in  t h i s  r e p o r t .  The s lo p e  a n g le s  m easured a t  th e se  case  
h i s to r y  r e s e r v o i r s  bo th  above and below h igh  w a te r le v e l  (HWL) a re  
shown in  Table 1. These m easured s lo p e  a n g les  range from 3 to  35 
d eg rees  above HWL and from 13 to  24 d eg rees below HWL. The case 
h i s to r y  r e s e r v o i r  most analogous to  a n t ic ip a te d  c o n d itio n s  a t  th e  
low er r e s e r v o i r  i s  E l Vado R ese rv o ir because th e  Mancos S hale  
c o n ta in s  a r e s i s t a n t  s e c t io n  im m ediate ly  above HWL around a p o r t io n  
o f  th e  r e s e r v o i r  p e r im e te r . S lopes above t h i s  r e s i s t a n t  s e c t io n  in  
Mancos S ha le  were m easured a t  33 d e g re e s , s im i la r  to  o r s te e p e r  th an  
many o f  th e  e x is t in g  s lo p e s  a t  th e  low er r e s e r v o i r .  The r e s i s t a n t  
s e c t io n  in  th e  s h a le  formed a n e a r ly  v e r t i c a l  s lo p e . M easured s lo p e  
a n g le s  below HWL a t  E l Vado R ese rv o ir  were uniform  a t  24 d e g re e s .
Combining th e  r e s u l t s  o f  th e  e m p ir ic a l s lo p e  s t a b i l i t y  c a lc u la t io n s  
w ith  th e  m easured s lo p e  a n g le s  a t  f iv e  case  h i s to r y  r e s e r v o i r s ,  
su g g e s ts  th a t  th e  s lo p e s  w i l l  be s ta b le  a t  th e  low er r e s e r v o i r  a t  
ap p ro x im a te ly  24 d e g re e s . However, s e v e ra l  v a r ia b le s  may tend  to
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produce s ta b le  s lo p e  an g les  low er than  24 deg rees a t  th e  low er 
r e s e r v o i r .  These v a r ia b le s  in c lu d e  th e  p o s s ib le  re d u c tio n  in  th e  
sh e a r  s t r e n g th  o f c o l lu v ia l  m a te r ia ls  a t  th e  low er r e s e r v o i r  du rin g  
lo n g  term  o p e ra tio n  and th e  e f f e c t s  o f  wave e ro s io n  and benching  o f 
s lo p e  m a te r ia ls .  T h e re fo r , th e  s lo p e  an g le  o f  24 deg rees  r e p re s e n ts  
th e  upper bound o f  p o s s ib le  s ta b l e  s lo p e  a n g le s  d u rin g  o p e ra t io n  o f 
th e  f a c i l i t y ,  and cou ld  be reduced  by v a r ia b le s  g iven  above. 
P o s s ib le  rem ed ia l m easures to  m it ig a te  th e  p o s s ib le  e f f e c t s  o f  th e se  
v a r ia b le s  and recom m endations fo r  f u r th e r  s tudy  a re  c o n ta in ed  in  
s e c t io n s  o f  t h i s  r e p o r t .
Im p lic a tio n s  o f  S lope S t a b i l i t y
S t a b i l i t y  o f  e x is t in g  s lo p e s  in  th e  low er r e s e r v o i r  i s  c r i t i c a l  to  
s u c c e s s fu l  o p e ra tio n  o f  th e  f a c i l i t y .  S t a b i l i t y  o f th e  rock  s lo p e s  
a t  th e  low er r e s e r v o i r  i s  n o t c o n s id e re d  a p o te n t i a l  problem  as 
d is c u s se d  in  d e t a i l  in  th e  p re v io u s  s e c t io n s .  A n a ly sis  o f  a l l  
p o s s ib le  modes o f rock f a i l u r e  y ie ld e d  a c c e p ta b le  s a f e ty  f a c to r s  fo r  
a l l  s lo p e s  w ith in  th e  low er r e s e r v o i r .  The on ly  ty p e  o f  rock  s lo p e  
f a i l u r e  t h a t  w i l l  be a f f e c te d  by th e  o p e ra tio n  o f  th e  low er r e s e r v o i r  
i s  to p p lin g  f a i l u r e .  T oppling  f a i l u r e s ,  in v o lv in g  la rg e  G allup  
Sandstone  b lo c k s , w i l l  c o n tin u e  as e ro s io n  o f  th e  u n d e rly in g  Mancos 
S h a le  u n d e rc u ts  beyond th e  c e n tr o id  o f  in d iv id u a l  san d sto n e  b lo c k s . 
The frequency  o f  to p p lin g  f a i l u r e  d u ring  o p e ra tio n  o f  th e  f a c i l i t y
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w i l l  depend on th e  r a t e  o f  e ro s io n  o f s lo p e s  u n d e r la in  by Mancos 
S h a le .
The r a t e  o f  e ro s io n  o r  s lo p e  r e t r e a t  o f  s lo p es  u n d e r la in  by Mancos 
S h a le  w i l l  depend on two f a c to r s ;  th e  s t a b i l i t y  o f  e x i s t in g  c o l lu v ia l  
m a te r ia l  and th e  s la k in g  p o te n t i a l  o f  th e  u n d e rly in g  Mancos S hale  to  
a l t e r n a t e  w e ttin g  and d ry in g . I f  th e  c o l lu v ia l  m a te r ia l  co v erin g  th e  
e x is t in g  s lo p e s  i s  s ta b le  d u rin g  a l l  phases o f o p e ra t io n , th e  
u n d e rly in g  Mancos S ha le  w i l l  rem ain  m oist a t  a l l  tim es and w i l l  n o t 
s la k e .  In  t h i s  case  th e  e x is t in g  s lo p es  w i l l  n o t e x p e rien ce  
s ig n i f i c a n t  changes in  c o n f ig u ra t io n  due to  th e  e x is te n c e  and 
o p e ra tio n  o f  th e  low er r e s e r v o i r .  However, i f  th e  c o l lu v ia l  m a te r ia l  
i s  u n s ta b le , i t  w i l l  s l id e  in  an e a r th  slump ty p e  o f  f a i l u r e  le a v in g  
th e  u n d e rly in g  Mancos S ha le  exposed to  th e  w a te r le v e l  f lu c tu a t io n s  in  
th e  low er r e s e r v o i r .  These f lu c tu a t io n s  w i l l  produce a w e t/d ry  c y c le  
cau s in g  th e  Mancos S h a le  to  s la k e  u n t i l  a  new la y e r  o f  r e s id u a l  t a lu s  
m a te r ia l  b u i ld s  up on th e  s lo p e . I f  th e  new la y e r  o f  c o l lu v ia l  
m a te r ia l  i s  u n s ta b le  i t  w i l l  a ls o  s l i d e  in  an e a r th  slump ty p e  o f  
f a i l u r e  and th e  p ro c e ss  w i l l  r e p e a t  i t s e l f  u n t i l  th e  s lo p e  an g le  
a d ju s t s  to  a s t a b l e  c o n f ig u ra t io n .  The p re d ic te d  s t a b l e  s lo p e  an g le  
i s  24 d e g re es , u n le s s  wave e ro s io n  and benching  o f  th e  s lo p e s  red u ces  
th e  s lo p e  an g le s  even f u r t h e r .
S lope r e t r e a t  a s s o c ia te d  w ith  f a i l u r e  o f  e x is t in g  c o l lu v ia l  m a te r ia l
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and sub seq u en t s la k in g  o f Mancos S hale  w i l l :  1) u n d e rcu t th e  p la ty
san d sto n e  zone in  th e  Mancos S hale  cau sin g  minor r o c k f a l l s  and
to p p lin g  f a i l u r e s  o f sm all sh a ly  san d sto n e  b lo ck s  and p l a t e s ,  2) 
induce  sh allow  slum ping f a i l u r e  o f  e x i s t in g  c o l lu v ia l  m a te r ia l  on th e  
p o r t io n  o f s lo p e s  betw een th e  p la ty  san d sto n e  zone and th e  c o n ta c t 
betw een Mancos S ha le  and G allup  S andstone, 3) u n d e rcu t la r g e  G allup  
Sandstone  b lo c k s  cau s in g  a d d i t io n a l  to p p lin g  f a i l u r e s .
POTENTIAL PROBLEMS AND DESIGN CONSIDERATIONS
S e q u e n tia l  s lo p e  f a i l u r e s  a r e  p re d ic te d  in  a l l  a re a s  o f  th e  low er 
r e s e r v o i r  where e x is t in g  s lo p e s  exceed 24 deg rees  betw een E l. 6500 
and 6565 f t .  P la te  3 shows th e  d i s t r i b u t i o n  o f  a l l  s lo p e s  in  th e
low er r e s e r v o i r  between E l . 6490 and 6975 f t .  A pproxim ately  41 
p e rc e n t o f  th e  s lo p e s  around th e  low er r e s e r v o i r  p e r im e te r  exceed 24 
deg rees  and a re  th e r e f o r  p o t e n t i a l l y  u n s ta b le  d u rin g  o p e ra tio n  o f  th e  
pumped s to ra g e  f a c i l i t y .  These p o t e n t i a l l y  u n s ta b le  a re a s  may cause  
f u tu r e  problem s due to :  1) lo s s  o f  r e s e r v o i r  s to ra g e  due to  movement
o f s lo p e  m a te r ia ls  below HWL, 2) e ro s io n  and underm ining  o f  
en g in ee red  s t r u c tu r e s ,  3) p ro d u c tio n  o f  f in e s  from co n tin u ed  s la k in g  
o f  Mancos S hale  which rem ain as suspended s o l id s  in  th e  system  w a te r .
tI f  e x is t in g  s lo p e s  a re  a llow ed  to  a d ju s t  to  a s ta b l e  c o n f ig u ra t io n
th e  p o te n t i a l  amount o f  m a te r ia l  th a t  could  move o f f  th e  s lo p e s  i s  a t
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l e a s t  375,000 cu b ic  y a rd s . T h is q u a n t i ty  i s  based on th e  fo llo w in g  
a ssu m p tio n s : 1) e x is t in g  s lo p e s  w i l l  f l a t t e n  to  24 d e g re e s , 2) th e
to e  o f  th e  24 deg ree  s lo p e  w i l l  be a t  E l . 6500, LWL, 3) th e  p la ty  
san d s to n e  zone in  th e  Mancos S hale  w i l l  form a 0.5H: 1V s lo p e , 4) 
m inor slum ping w i l l  occur between th e  p la ty  san d sto n e  zone in  th e  
Mancos S hale  and th e  G allup  S andstone  c o n ta c t .  A r e p r e s e n ta t iv e  
s e c t io n  a t  th e  low er r e s e r v o i r  i l l u s t r a t i n g  th e se  assu m p tio n s  i s  
shown in  F ig u re  28 . Not a l l  th e  m a te r ia l  in v o lv ed  in  th e se  s lo p e  
ad ju s tm en ts  w i l l  cause  re d u c tio n  in  th e  r e s e r v o i r  c a p a c i ty .  Only 
th o se  m a te r ia ls  p r e s e n t ly  above th e  HWL a t  E l . 6565 f t  which move 
below HWL w i l l  a c tu a l ly  c o n tr ib u te  to  a  lo s s  in  r e s e r v o i r  c a p a c i ty .  
The movement o f a l l  o th e r  m a te r ia l s ,  c u r r e n t ly  lo c a te d  betw een HWL 
and LWL w i l l  on ly  cause  a  re a d ju s tm e n t o f  th e  r e s e r v o i r  c a p a c ity  a t  a 
g iv en  w a te r l e v e l .
P o te n t i a l  e ro s io n  and underm ining o f  en g in ee red  s t r u c tu r e s  cou ld  
a d v e rse ly  im pact th e  s t a b i l i t y  o f th e  low er r e s e r v o i r  embankment 
abu tm ents and th e  powerhouse in ta k e  s t r u c tu r e .  The proposed  lo c a t io n  
o f  th e se  e n g in ee red  s t r u c tu r e s  i s  shown in  F ig u re  2 . E x is t in g  s lo p e s  
in  th e  proposed  lo c a t io n  o f  th e  powerhouse in ta k e  s t r u c tu r e  and r i g h t  
(w est) abutm ent o f th e  low er r e s e r v o i r  embankment a re  p re d ic te d  
s t a b l e .  T h e re fo r , no e ro s io n  o r underm ining i s  p re d ic te d  f o r  th e se  
s t r u c t u r e s .  E x is t in g  s lo p e s  a t  th e  l e f t  ( e a s t )  low er r e s e r v o i r  
embankment abutm ent a re  g r e a te r  than  24 d eg rees and th e r e f o r ,

ER-2435 114
p o te n t i a l l y  u n s ta b le .  S lope r e t r e a t  a s s o c ia te d  w ith  th e  p re d ic te d  
s lo p e  a d ju s tm en ts  a t  th e  l e f t  abutm ent o f th e  embankment a t  HWL i s  25 
f t .  W ithout rem ed ia l s t a b i l i z a t i o n  m easures, t h i s  s lo p e  r e t r e a t  
co u ld  reduce  th e  s t a b i l i t y  o f  th e  embankment in  t h i s  r i g h t  abutm ent 
a re a  below a c c e p ta b le  l e v e l s .
S lak in g  o f  th e  Mancos S h a le  w i l l  produce minus # 2 0 0 -s iev e  m a te r ia l  in  
th e  low er r e s e r v o i r .  C h a r a c te r iz a t io n  o f  th e  s la k in g  p o te n t i a l  o f 
th e  Mancos S hale  i s  p o s s ib le  u s in g  th e  sec o n d -c y c le  s l a k e - d u r a b i l i ty  
index  (Id ^ ) and th e  A tte rb e rg  l im i t s  o f  f in e ly  ground sh a le  sam ples 
(Gamble, 1971, Wood and Deo, 1975, F ra n k lin , 1980). The average  
v a lu e  o b ta in e d  from a l l  la b o ra to ry  t e s t s  on Mancos S h a le  sam ples from 
th e  low er r e s e r v o i r  in  t h i s  and p re v io u s  s tu d ie s  was: a  sec o n d -c y c le
s la k e  d u r a b i l i ty  index  o f  74 p e rc e n t  and a p l a s t i c i t y  index  o f  16 .7 . 
These v a lu es  p u t th e  Mancos S h a le  a t  th e  low er r e s e r v o i r  in to  th e  
ca te g o ry  o f  medium p l a s t i c i t y ,  medium d u r a b i l i ty  in  th e  system  
proposed  by Gamble (1971). The r a t in g  o f  th e  s h a le  in  th e  r a t in g  
system  proposed  by F ra n k lin  (1980) i s  4 .3  on a s c a le  o f  10, in  th e  
m oderate zone. C o r re la t io n ,  by F r a n k l in , o f  s h a le s  w ith  t h i s  r a t in g  
to  s ta b le  c u t s lo p e s  and s ta b l e  embankments c o n s tru c te d  w ith  th e se  
m a te r ia ls  in d ic a te  th a t  s h a le s  w ith  t h i s  r a t in g  have rem ained s ta b le  
in  c u t s lo p e s  from 15 to  33 d e g re e s , where g eo lo g ic  c o n d it io n s  were 
f a v o ra b le , and embankments up to  100 f t .  h igh  have been s ta b l e  u s in g  
embankment s lo p e s  from 3:1 to  5:1 h o r iz o n ta l  to  v e r t i c a l .
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The Mancos S hale  a t  th e  low er r e s e r v o i r  i s  c l a s s i f i e d  as  m o d era te ly  
p l a s t i c  and d u ra b le  by two c l a s s i f i c a t i o n  system s. T his i s  in  
r e l a t i o n  to  a l l  sh a le  m a te r ia ls  ra n g in g  from very  s o f t  c la y - s h a le s  to  
h a rd , ro c k - l ik e  s h a le s . A lthough th e  Mancos S hale  a t  th e  low er 
r e s e r v o i r  has a  m oderate d u r a b i l i t y ,  i t  w i l l  s la k e  when s u b je c te d  to  
th e  w e t/d ry  c y c le  imposed by o p e ra tio n  o f  th e  f a c i l i t y .  The 
p r e d ic te d  r a t e  o f  t h i s  s la k in g  w i l l  be m odera te . F ra n k lin  su g g e s ts  
t h a t  fo r  sh a le s  exposed to  norm al w eath e rin g  and w e t/d ry  c y c le s  
imposed s o le ly  by p r e c ip i t a t i o n  and c l im a te , t h a t  5 to  10 y e a rs  a re  
needed to  r e b u i ld  a s i g n i f i c a n t  r e s id u a l  co v er on s h a le  s lo p e s  which 
may th en  slump o f f  th e  s lo p e .
The m oderate s la k in g  o f b o th  f r e s h ly  exposed Mancos S hale  in  u n s ta b le  
a re a s  o f th e  r e s e r v o i r  and o f  Mancos S hale  c h ip s  in  c o l lu v ia l  
m a te r ia l  w i l l  p roduce f i n e s .  Of th e  m a te r ia l  which s lak e d  a f t e r  th e  
seco n d -cy c le  s la k e  d u r a b i l i t y  t e s t ,  75 .7  p e rc e n t passed  a #200 U.S. 
S tan d a rd  s ie v e  fo r  bag sam ples o f low er r e s e r v o i r  Mancos S h a le  and 
65 .9  p e rc e n t passed  a #200 U .S. S tan d ard  s ie v e  fo r  co re  sam ples. 
T his ra p id  breakdown o f th e  s h a le  to  very  f in e  s i l t  and c lay
in d ic a te s  th a t  th e  low er r e s e r v o i r  has a h ig h  p o te n t i a l  f o r  suspended 
s o l id s  rem ain ing  in  th e  system  w a te r . I f  th e se  suspended s o l id s  a re
very  f in e ,  they  may rem ain  in  su sp en sio n  long  enough to  be pumped
th ro u g h  th e  powerhouse pum p-tu rb ines and in to  th e  upper r e s e r v o i r .
T h is  p ro c e ss  has th e  p o te n t i a l  f o r  red u c in g  th e  c a p a c ity  o f  b o th  th e
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low er and upper r e s e r v o i r s  as th e se  suspended s o l id s  produced from 
s la k in g  o f th e  Mancos S hale  a re  d e p o s ite d  in  q u ie t  w a te r . P o te n t ia l  
a b ra s io n  from th e  suspended s o l id s  may cause  damage o r wear to  th e  
pump tu r b in e s .
Wave e ro s io n  and benching  o f  a l l  low er r e s e r v o i r  s lo p e s  may reduce  
th e  p re d ic te d  s lo p e  a n g le s  below  24 d e g re e s . The degree  o f t h i s  
benching  w i l l  depend on th e  o p e ra t io n  o f  th e  f a c i l i t y ,  th e  r e s i s ta n c e  
o f  e x i s t in g  and f u tu r e  c o l lu v ia l  m a te r ia ls  to  wave a t t a c k ,  and 
re m e d ia l m easures, i f  any, tak en  to  p re v e n t wave e ro s io n . 
S ig n i f ic a n t  benches caused  by wave e ro s io n  were observed  a t  th e  f iv e  
case  h is to r y  r e s e r v o i r s .  These benches were b e s t  developed a t  HWL, 
presum ably because th e  r e s e r v o i r  l e v e l  rem ained a t  HWL lo n g e r th an  a t  
any o th e r  l e v e l .  Should th e  o p e ra tio n  o f  th e  pumped s to ra g e  p r o je c t  
cause th e  w a ter l e v e l  in  th e  low er r e s e r v o i r  to  rem ain a t  c e r t a in  
e le v a t io n s  lo n g e r  th an  o th e r s ,  benching from wave e ro s io n  shou ld  be 
a n t ic ip a te d  a t  th o se  e le v a t io n s .  T his benching  would tend  to  
u n d e rcu t c o l lu v ia l  m a te r ia ls  h ig h e r  on th e  s lo p e s  and cou ld  p o s s ib ly  
induce  a d d i t io n a l  slum ping f a i l u r e s  in  th e se  c o l lu v ia l  m a te r ia ls .
RISK MAP
A r i s k  map fo r  th e  low er r e s e r v o i r  was p rep a red  and i s  shown in  P la te  
4 . Three r i s k  c a te g o r ie s  a re  shown on t h i s  map; low, m oderate and
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h ig h  r i s k  a r e a s .  The c a te g o r iz a t io n  o f low er r e s e r v o i r  a re a s  in to  
each o f  th e se  c a te g o r ie s  was based  on th e  s t a b i l i t y  o f  th e  s lo p es  
betw een HWL and LWL and on an a ssessm en t o f  th e  im pact o f  p re d ic te d  
s lo p e  i n s t a b i l i t y  to  s u c c e s s fu l  o p e ra tio n  o f th e  pumped s to ra g e  
f a c i l i t y .  A d is c u s s io n  o f  each ca te g o ry  fo llo w s .
The low r i s k  c a te g o ry  was a ss ig n e d  to  a l l  a re a s  o f  th e  low er 
r e s e r v o i r  where s lo p e s  betw een HWL and LWL a re  p re d ic te d  s t a b l e .  No 
s lo p e  ad ju s tm en ts  a re  ex p ec ted  in  th e se  a re a s  o f  th e  low er r e s e r v o i r  
d u rin g  th e  o p e ra t io n a l  l i f e  o f  th e  f a c i l i t y .
The m oderate r i s k  ca te g o ry  was a ss ig n e d  to  th o se  a re a s  o f th e  low er 
r e s e r v o i r  th a t  a re  p re d ic te d  u n s ta b le ,  bu t where th e re  a re  no 
en g in ee red  s t r u c tu r e s .  I n s t a b i l i t y  o f  th e  s lo p e s  in  th e  m oderate 
r i s k  a re a s  o f  th e  low er r e s e r v o i r  w i l l  c o n tr ib u te  to  some lo s s  o f 
low er r e s e r v o i r  c a p a c ity  due to  s lo p e  r e t r e a t  o f  Mancos S hale  s lo p e s  
and to p p lin g  f a i l u r e s  o f  th e  o v e r ly in g  G allup  S an d sto n e . None o f  th e  
s lo p e  f a i l u r e s  a s s o c ia te d  w ith  a re a s  a ss ig n e d  m oderate r i s k  a re  
ex p ec ted  to  produce damage to  any en g in ee red  s t r u c tu r e s  a s s o c ia te d  
w ith  th e  f a c i l i t y .
The h ig h  r i s k  ca teg o ry  was a ss ig n e d  on ly  to  th o se  a re a s  o f th e  low er 
r e s e r v o i r  th a t  a re  p r e d ic te d  u n s ta b le  and where t h a t  i n s t a b i l i t y  w i l l  
a d v e rse ly  im pact th e  i n t e g r i t y  o f  e n g in ee re d  s t r u c tu r e s .  As shown in
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P la te  4, t h i s  c a te g o ry  i s  r e s t r i c t e d  to  a  sm all a re a  a d ja c e n t  to  th e  
proposed  lo c a t io n  o f th e  l e f t  embankment dam abutm ent. I t  i s  
c a u tio n e d  h e re  t h a t  sho u ld  th e  e n g in ee red  s t r u c tu r e s  in  th e  low er 
r e s e r v o i r  a re a  be moved from t h e i r  c u r r e n t ly  p lanned  lo c a t io n s ,  th o se  
t h a t  a re  moved to  p re s e n t  a re a s  o f  m oderate r i s k  would n e c e s s a r i ly  
in c re a s e  th o se  a re a s  to  h ig h  r i s k .
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CONCLUSIONS AND RECOMMENDATIONS
The lo c a t io n  o f th e  low er r e s e r v o i r  fo r  th e  PNM pumped s to ra g e  
p r o je c t  in  Mancos S hale  poses s e v e ra l  p o te n t i a l  problem s to  
s u c c e s s fu l  long term  o p e ra tio n  o f th e  f a c i l i t y .  The p o te n t i a l  
problem s cou ld  r e s u l t  from p o te n t i a l  s lo p e  i n s t a b i l i t y  and low 
d u r a b i l i ty  o f th e  Mancos S h a le . Expected o p e ra tio n  o f th e  f a c i l i t y  
r e q u ir e s  weekly drawdown c y c le s  w ith in  th e  low er r e s e r v o i r  o f  abou t 
65 f t ,  a  c o n d itio n  th a t  p o t e n t i a l l y  in c re a s e s  s lo p e  i n s t a b i l i t y  and 
s la k in g  o f  Mancos S h a le . The a d v e rse  im pacts o f  t h i s  p o te n t i a l  s lo p e  
i n s t a b i l i t y  and s la k in g  to  th e  p r o je c t ,  in c lu d e : 1) lo s s  o f  low er
r e s e r v o i r  c a p a c i ty  as  new m a te r ia l  moves below HWL, 2) lo s s  o f  upper 
r e s e r v o i r  c a p a c ity  as suspended s o l id s  produced from s la k in g  o f  
Mancos S h a le  s e t t l e  ou t o f  w a ter pumped from th e  low er r e s e r v o i r ,  3) 
damage o r i n s t a b i l i t y  to  en g in ee red  s t r u c tu r e s  in  th e  low er r e s e r v o i r  
caused  by s lo p e  r e t r e a t ,  s p e c i f i c a l l y  a t  th e  l e f t  embankment dam
abutm ent.
T h is  r e p o r t  has e v a lu a te d  th e  s t a b i l i t y  o f low er r e s e r v o i r  s lo p e s , in  
d e t a i l ,  under th e  c o n d itio n s  imposed by th e  f u tu r e  o p e ra tio n  o f th e  
pumped s to ra g e  f a c i l i t y .  The co n c lu s io n s  from t h i s  d e ta i le d  s lo p e
s t a b i l i t y  a n a ly s is  a re  t h a t  a l l  s lo p e s  in  th e  low er r e s e r v o i r  a re a
having  e x is t in g  s lo p e s  l e s s  th an  24 d eg rees betw een HWL and LWL w i l l
rem ain s t a b l e  d u rin g  o p e ra tio n  o f  th e  pumped s to ra g e  f a c i l i t y .  T his
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p r e d ic t io n  re p re s e n ts  th e  upper l im i t  o f  a range o f  p o s s ib le  s lo p e  
a n g le s  fo r  th e  low er r e s e r v o i r ,  d u ring  long term  o p e ra tio n . Lower 
s t a b l e  s lo p e  an g le s  a re  p o s s ib le  i f  wave e ro s io n  and a s s o c ia te d  
benching  c o n tin u o u s ly  u n d e rcu t c o l lu v ia l  m a te r ia ls  on th e  s lo p e s  or 
th e  sh e a r  s t r e n g th  o f  c o l lu v ia l  m a te r ia ls  i s  reduced  w ith  tim e due to  
co n tin u ed  s la k in g  o f  th e  s h a le  p a r t i c l e s .
S lopes g r e a te r  than  24 d eg rees  between HWL and TWL a re  p o t e n t i a l l y  
u n s ta b le  and may e x p e rien c e  changes as they  f l a t t e n  to  a  s ta b le  
c o n f ig u ra t io n .  The p o te n t i a l  fo r  change in  th e  c o n f ig u ra t io n  o f  
s lo p e s  in  th e  low er r e s e r v o i r  i s  c o n tro l le d  by s t a b i l i t y  o f  th e  
c o l lu v ia l  m a te r ia l ,  d e riv e d  from Mancos S hale  and G allup  S andstone , 
which has an e s tim a te d  average  th ic k n e s s  o f  15 f t  on low er r e s e r v o i r  
s lo p e s .  In  a re a s  where t h i s  c o l lu v ia l  m a te r ia l  i s  p o t e n t i a l l y  
u n s ta b le ,  slum ping f a i l u r e  o f  t h i s  m a te r ia l  between HWL and LWL w i l l  
expose th e  u n d e rly in g  Mancos S ha le  to  w e t/d ry  c y c le s  u n t i l  s la k in g  o f  
th e  s h a le  produces a  new r e s id u a l  cover on th e  s lo p e . T his p ro c e ss  
w i l l  r e p e a t  u n t i l  th e  s lo p e  i s  reduced  to  a  s ta b l e  c o n f ig u ra t io n ,  th e  
p re d ic te d  s ta b le  s lo p e  a n g le  f o r  o p e ra tin g  c o n d itio n s  i s  24 deg rees 
o r l e s s ,  depending on th e  in f lu e n c e  o f  wave e ro s io n  and benching  to  
th e  s t a b i l i t y  o f  c o l lu v ia l  m a te r ia l .  S lope r e t r e a t  a s s o c ia te d  w ith  
th e  f a i l u r e  o f  e x i s t in g  c o l lu v ia l  m a te r ia l  and sub seq u en t s la k in g  o f  
u n d e rly in g  Mancos S h a le  w i l l  p roduce a s lo p e  c o n f ig u ra t io n  as shown 
in  F ig u re  26. Minor s lo p e  r e t r e a t  in  th e  upper segment o f  th e
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r e s e r v o i r  s lo p e s  w i l l  induce to p p lin g  f a i l u r e  o f  la r g e  G allup  
Sandstone b lo c k s . I t  i s  n o t a n t ic ip a te d  th a t  th e se  la rg e  san d sto n e  
b lo ck s  w i l l  to p p le  d i r e c t l y  in to  th e  r e s e r v o i r  even a t  HWL, r a th e r ,  
th e  to p p lin g  f a i l u r e s  a re  p re d ic te d  to  co n tin u e  in  t h e i r  p re s e n t  
form , slow  f a i l u r e  a t  th e  base  o f  th e  G allup  Sandstone fo llo w ed  by 
c reep  o f  th e  d e tach ed  b lock  down th e  low er Mancos S ha le  s lo p e .
The a re a s  o f  p re d ic te d  s lo p e  i n s t a b i l i t y  a re  shown on P la te  4 a s  
a re a s  o f m oderate and h ig h  r i s k .  The amount o f  m a te r ia l  c a lc u la te d  
to  move below HWL from th e  cu m u la tiv e  a re a  o f  p re d ic te d  i n s t a b i l i t y  
i s  375,000 cu b ic  y a rd s . The p re d ic te d  p o te n t ia l  h o r iz o n ta l  s lo p e  
r e t r e a t  in  th e  l e f t  abutm ent a re a  a t  HWL i s  25 f t .
S t a b i l i z a t i o n  o f th e  l e f t  abutm ent a re a  i s  recommended. A d e c is io n  
to  s t a b i l i z e  th e  rem ainder o f  p o t e n t i a l l y  u n s ta b le  s lo p e s  in  th e  
low er r e s e r v o i r  shou ld  be based on a c o s t - b e n e f i t  a n a ly s is .  The c o s t  
o f  s t a b i l i z a t i o n  shou ld  be weighed a g a in s t  th e  im pact o f  p o t e n t i a l  
i n s t a b i l i t y  in  th e  a re a s  o f  m oderate r i s k  shown on P la te  4 . 
S t a b i l i z a t i o n  o f  th e se  a re a s  i s  recommended only  i f  th e  lo s s  o f  
p r o je c t  revenue due to  r e s e r v o i r  i n f i l l i n g  s ig n i f i c a n t ly  exceeds 
e s tim a te d  s t a b i l i z a t i o n  c o s t s .
In  a re a s  where rem ed ia l m easures a re  c o n sid e red  n e c e s sa ry , s e v e ra l  
s lo p e  s t a b i l i z a t i o n  o p tio n s  shou ld  be c o n s id e re d .
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E ngineered  s t r u c tu r e s  cou ld  be re lo c a te d  to  low r i s k  a r e a s .  T his 
r e lo c a t io n  would have to  be from th e  e x is t in g  h ig h  r i s k  a re a s  to  low 
r i s k  a re a s  o n ly , because r e lo c a t in g  to  e x i s t in g  m odera te  r i s k  a re a s  
w ould, by d e f in i t i o n ,  in c re a s e  th o se  m oderate r i s k  a re a s  to  h ig h  r i s k  
a r e a s .
The geom etry o f e x is t in g  s lo p e s  in  th e  h ig h  r i s k  a re a  o f  th e  low er 
r e s e r v o i r  a re a  cou ld  be changed to  a  s ta b le  c o n f ig u ra t io n .  T h is  
co u ld  be accom plished  by c u t t in g  back e x is t in g  s lo p e s  to  betw een 20 
and 24 d e g re e s , lo a d in g  th e  to e  a re a  o f th e se  s lo p es  w ith
f r e e - d r a in in g  f i l l  m a te r ia l  u n t i l  th e  o v e r a l l  s lo p e  c o n f ig u ra t io n  
p roduces an a c c e p ta b le  s a f e ty  f a c to r  a g a in s t  s l id in g  f a i l u r e ,  or a 
com bination  o f th e se  two m ethods. A d d itio n a l d e ta i le d  s t a b i l i t y  
a n a ly se s  o f th e  s lo p e s  a re  recommended b e fo re  a f i n a l  s lo p e
c o n f ig u ra t io n  i s  a cc e p ted  f o r  f i n a l  d e s ig n .
D rainage system s cou ld  be i n s t a l l e d  to  en su re  com plete d ra in ag e  o f  
c o l lu v i a l  m a te r ia l  du rin g  th e  drawdown c y c le  w ith in  th e  low er 
r e s e r v o i r .  S e v e ra l d ra in a g e  methods a re  p o s s ib le ,  and in c lu d e
i n s t a l l a t i o n  o f  h o r iz o n ta l  d ra in s  w ith  s lo t t e d  PVC l i n e r s  an d /o r 
p la c in g  g ra v e l d ra in s  in  tre n c h e s  ex cav a ted  bo th  norm al and p a r a l l e l  
to  th e  s lo p e . The sp ac in g  o f  d ra in s  in  e i t h e r  o p tio n  must be based 
on a d d i t io n a l  e x te n s iv e  a n a ly s is  o f  t r a n s i e n t  groundw ater c o n d itio n s  
in  th e  c o l lu v ia l  m a te r ia l  d u rin g  th e  drawdown c y c le  in  th e  low er
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r e s e r v o i r .
Of th e  two o p tio n s  o u t l in e d  above fo r  s lo p e  s t a b i l i z a t i o n  a t  th e  
low er re s e rv o ir*  changing  th e  s lo p e  geom etry i s  recommended as  th e  
most f e a s ib le  and c o s t - e f f e c t iv e  method. D rainage system s a re  
c o n sid e red  uneconomic and d i f f i c u l t  to  i n s t a l l  and a re  th e r e f o r  
r e je c te d  as a v ia b le  s o lu t io n .
The p o te n t i a l  f o r  a d d i t io n a l  s lo p e  i n s t a b i l i t y  from wave e ro s io n  and 
bench ing  shou ld  be s tu d ie d  f u r t h e r .  S p e c if ic  recom m endations fo r  
a d d i t io n a l  s tudy  in  t h i s  a re a  a r e  o u t l in e d  l a t e r  in  t h i s  s e c t io n .  
Should a d d i t io n a l  s tu d y  in d ic a te  t h a t  wave e ro s io n  may f u th e r  reduce  
th e  s t a b i l i t y  o f low er r e s e r v o i r  slopes*  du rin g  long  term  o p e ra t io n , 
wave p ro te c t io n  such a s  r ip - r a p  and f i l t e r s  shou ld  be c o n s id e re d  to  
red u ce  th e  r i s k  o f a d d i t io n a l  s lo p e  i n s t a b i l i t y  and a s s o c ia te d  lo s s  
o f  r e s e r v o i r  c a p a c i ty .
M onito ring  o f low er r e s e r v o i r  s lo p e s  i s  recommended to  observe  th e  
s lo p e s  fo r  i n s t a b i l i t y  d u rin g  o p e ra tio n  o f  th e  pumped s to ra g e  
f a c i l i t y .  The recommended form s o f  m o n ito rin g  in c lu d e  g e n e ra l 
o b s e rv a tio n  o f  low er r e s e r v o i r  s lo p e s  and d e ta i le d  m easurem ents o f 
s lo p e  b eh av io r u s in g  p re c is e  su rv e y s , in c lin o m e te rs  and p iezo m ete rs  
in  a re a s  o f  c r i t i c a l  p o te n t i a l  s lo p e  i n s t a b i l i t y  (Kennedy, 1971). 
Because th e  p re d ic te d  s lo p e  i n s t a b i l i t y  i s  a s s o c ia te d  w ith  th o se
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p o r t io n s  o f th e  low er r e s e r v o i r  s lo p e s  between HWL- and LWL, th a t  
p o r t io n  o f th e  s lo p e s  i s  o f  p rim ary  i n t e r e s t  f o r  d e ta i le d  
m o n ito r in g . These m o n ito rin g  d e v ice s  w i l l  have to  be desig n ed  to  
w ith s ta n d  re p e a te d  subm ergence when th e  low er r e s e r v o i r  i s  f u l l .
P e r io d ic  in s p e c t io n s  o f low er r e s e r v o i r  s lo p es  above LWL a re  
recommended in  a l l  a re a s  o f th e  low er r e s e r v o i r .  A ll s lo p e  
i n s t a b i l i t y  observed  d u rin g  th e se  in s p e c t io n s  shou ld  be documented by 
d e sc r ib in g  th e  a re a , ty p e  o f s l id e  and amount o f movement. 
P ho tographs shou ld  be used as p a r t  o f  t h i s  docum entation . These 
in s p e c t io n s  w i l l  a llo w  rem ed ia l tre a tm e n t to  be perform ed b e fo re  
m ajor problem s r e s u l t  from s lo p e  i n s t a b i l i t y  which has n o t been 
c o r re c te d  p r io r  to  o p e ra t io n  o f  th e  f a c i l i t y .  O b se rv a tio n s  shou ld  be 
made o f :  1) c o l lu v ia l  m a te r ia l  on low er r e s e r v o i r  s lo p es  between HWL 
and LWL, 2) c o l lu v ia l  m a te r ia l  a n d /o r  developm ent o f  te n s io n  c ra ck s  
in  Mancos S hale  above HWL and below th e  c o n ta c t  w ith  G allup  
S andstone , and 3) te n s io n  c ra ck s  in  th e  G allup  Sandstone on th e  
canyon rim . These o b s e rv a tio n s  w i l l  d e te c t  i n s t a b i l i t y ,  shou ld  i t  
dev elo p , in  b o th  th e  c o l lu v ia l  m a te r ia l  and th e  u n d e rly in g  Mancos 
S h a le .
D e ta i le d  m o n ito rin g  i s  recommended in  a l l  a re a s  where s lo p e  
s t a b i l i z a t i o n  te ch n iq u es  a re  u t i l i z e d  p r io r  to  r e s e r v o i r  f i l l i n g .  
The recommended m o n ito rin g  in c lu d e s  p re c is e  su rv ey s , in c l in o m e te rs
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and p iezo m ete rs  (W in terkorn  and Fang, 1975, R u s s e l l ,  1980). P re c is e  
su rv ey s  should  be made in  s t a b i l i z e d  a re a s  u s in g  su rv ey  monuments s e t  
in  c o l lu v ia l  a n d /o r  f i l l  m a te r ia ls .  S u f f i c i e n t  monuments a re  
recommended in  each a re a  to  a d eq u a te ly  m onito r th e  movement o f  
s u r f i c i a l  m a te r ia ls  on any p a r t  o f  th e  s lo p e . The zone o f  p a r t i c u l a r
i n t e r e s t  i s  th e  s lo p e  between HWL and LWL. In c lin o m e te rs  a re
recommended a t  two e le v a t io n s  in  s t a b i l i z e d  a r e a s ,  one n e a r LWL and 
th e  o th e r  halfw ay between HWL and LWL. The in c lin o m e te r  c a s in g
sh o u ld  be i n s t a l l e d  th rough  c o l lu v ia l  m a te r ia l  to  i n t a c t  Mancos 
S h a le . S u i ta b le  caps shou ld  be designed  f o r  th e  in c lin o m e te r  c a s in g s  
so  th a t  they  a re  n o t damaged w h ile  they  a re  subm erged. P iezo m eters  
a re  recommended a t  s im i la r  lo c a t io n s  to  th e  in c lin o m e te rs .  An 
a d d i t io n a l  p iezo m ete r would be u s e fu l  10 to  15 f t  below HWL. The
p iezo m ete rs  shou ld  be d esigned  w ith  a  s p e c ia l  p r o te c t iv e  ca s in g  and
cap to  p r o te c t  th e  p iezo m ete rs  w h ile  they  a re  submerged and p re v e n t 
w ater from e n te r in g  th e  to p  o f  th e  p iezo m ete r tu b e .
O b se rv a tio n  o f  th e  s lo p e  m o n ito rin g  d ev ices  o u t l in e d  above shou ld  be 
done f r e q u e n t ly  d u rin g  i n i t i a l  o p e ra tio n  o f  th e  f a c i l i t y .  B i-w eekly  
o b s e rv a tio n  o f  r e s e r v o i r  s lo p e s , in c lin o m e te rs  and p ie zo m e te rs , and 
weekly p re c is e  su rv ey s  a re  recommended fo r  th e  f i r s t  two months o f
o p e ra t io n . T h e re a f te r ,  th e  freq u en cy  o f  o b se rv a tio n  may be reduced
depending on th e  ty p e  o f  b e h av io r e x h ib ite d  d u rin g  t h i s  i n i t i a l
m o n ito rin g  p e r io d . Rapid pumping from th e  low er r e s e r v o i r  c r e a te s
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th e  most adv erse  c o n d itio n  to  s t a b i l i t y  o f  th e  s lo p e s . T h e re fo r , 
a d d i t io n a l  m o n ito rin g  i s  recommended a f t e r  lo n g e r pumping c y c le s  
o c cu r .
T h is  a n a ly s is  o f  p re d ic te d  fu tu r e  perform ance o f  th e  low er r e s e r v o i r  
i s  based  on e m p ir ic a l s lo p e  s t a b i l i t y  c a lc u la t io n s  and on 
o b s e rv a tio n s  o f e x is t in g  r e s e r v o i r s  in  s im i la r  g eo lo g ic  s e t t i n g s .  
There a re  s e r io u s  shortcom ings in  each o f th e se  p r e d ic t iv e  t o o l s .  
The c o n d itio n s  a t  a l l  e x is t in g  r e s e r v o i r s  were s im i la r  to  th e  
a n t ic ip a te d  c o n d itio n s  a t  th e  low er r e s e r v o i r  ex cep t th a t  th e  
drawdown r a te  i s  f a r  low er a t  th e  e x is t in g  r e s e r v o i r s .  T h e re fo r , 
observ ed  s t a b l e  s lo p e s  a t  th e se  r e s e r v o i r s  have never ex p erien ced  th e  
drawdown r a t e  a n t ic ip a te d  fo r  th e  low er r e s e r v o i r .  E m p iric a l s lo p e  
s t a b i l i t y  c a lc u la t io n s  were based  on th e  sh ea r s t r e n g th  o f  th e  s lo p e  
m a te r ia ls  as de term ined  by la b o ra to ry  t e s t in g  o f  sam ples c o l le c te d  a t  
th e  low er r e s e r v o i r .  D eg rad a tio n  o f  th e  c o l lu v ia l  m a te r ia ls  due to  
s la k in g  and o th e r  w ea th e rin g  mechanisms may reduce  th e  sh e a r  s t r e n g th  
o f  th e se  m a te r ia l s .  The assum ption  fo r  t h i s  a n a ly s is  was th a t  no 
s i g n i f i c a n t  re d u c tio n  in  th e  sh e a r  s t r e n g th  o f  c o l lu v ia l  m a te r ia ls  
w i l l  occur d u rin g  th e  l i f e  o f  th e  pumped s to ra g e  p r o j e c t .  The amount 
o f  benching  to  be ex p ec ted  from wave e ro s io n  between HWL and TWL a t  
th e  low er r e s e r v o i r  d u rin g  long  term  o p e ra t io n , i s  u n c e r ta in .  
E x ten s iv e  benching o f e x is t in g  o r fu tu r e  c o l lu v ia l  m a te r ia ls  between 
HWL and TWL could  induce  slum ping f a i l u r e s  o f  c o l lu v ia l  m a te r ia ls  on
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th e  s lo p e s  above th e  bench, p ro d u c in g  a f u r th e r  re d u c tio n  in  th e  
o v e r a l l  s t a b l e  s lo p e  an g les  below 24 d e g re e s .
Because o f th e  u n c e r t a in t i e s  in tro d u c e d  to  th i s  a n a ly s is  by th e  
f a c to r s  o u t l in e d  above, i t  i s  recommended th a t  t e s t  p i t s  be 
c o n s tru c te d  and c y c l ic  pumping t e s t s  be perform ed in  th e se  p i t s .  The 
t e s t  p i t s  shou ld  expose Mancos S h a le  to  w e t/d ry  c y c le s  fo r  s e v e ra l  
m onths, in c lu d in g  th e  w in te r  sea so n , i f  p o s s ib le ,  and th e  s la k in g  
r a t e  shou ld  be q u a n t i f ie d  and re c o rd ed  a t  s e v e ra l  i n t e r v a l s  d u ring  
t h i s  tim e . I t  i s  a l s o  recommended th a t  sam ples o f  s la k e d  m a te r ia l  
and w a te r from th e se  p i t s  be tak en  a t  s e v e ra l  i n t e r v a l s  du rin g  th e  
t e s t .  The sam ples shou ld  be t e s t e d  to  de term ine  w hether a  re d u c tio n  
in  sh ea r s t r e n g th  o ccu rs  w ith  tim e . The amount and g ra in  s iz e  
d i s t r i b u t i o n  o f  suspended s o l id s  in  th e  w ater sam ples shou ld  be 
n o te d . Should th e se  t e s t s  in d ic a te  th a t  th e re  i s  a s i g n i f i c a n t  
d e c rea se  in  th e  sh e a r  s t r e n g th  o f  c o l lu v ia l  m a te r ia ls ,  t h i s  a n a ly s is  
and r e s u l t i n g  recom m endations shou ld  be m od ified  to  acco u n t fo r  t h i s  
r e d u c tio n .
A d d itio n a l sam pling and la b o ra to ry  t e s t in g  i s  recommended fo r  th e  
Mancos S ha le  a t  El Vado R e s e rv o ir .  T e s tin g  should  be done to  
de te rm in e  th e  s i m i l a r i t i e s  a n d /o r  d i f f e r e n c e s  between th e  e n g in e e rin g  
p r o p e r t ie s  o f  th e  Mancos S ha le  a t  El Vado R e se rv o ir , and th e  low er 
r e s e r v o i r .  The r e a c t io n  o f  th e  Mancos S h a le  to  th e  e x is te n c e  and
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o p e ra tio n  o f  El Vado R ese rv o ir  can th en  be used w ith  a g r e a te r  degree 
o f  co n fid en ce  to  p r e d ic t  th e  f u tu r e  b eh av io r and c o n f ig u ra t io n  o f 
low er r e s e r v o i r  s lo p e s .
A d d itio n a l s tu d y  o f th e  p o s s ib le  e f f e c t s  o f  wave e ro s io n  to  th e  
s ta b le  c o n f ig u ra tio n  o f low er r e s e r v o i r  s lo p e s  i s  recommended. 
C o n s id e ra tio n  shou ld  be g iv en  to ;  th e  p o t e n t i a l  f o r  wave e ro s io n  a t  
a l l  e le v a t io n s  o f  th e  low er r e s e r v o i r ,  th e  p o te n t i a l  fo r  r e s i s ta n c e  
o f e x is t in g  c o l lu v i a l  m a te r ia ls  in  th e  low er r e s e r v o i r  to  wave 
a t t a c k ,  and th e  re sp o n se  o f  c o l lu v ia l  m a te r ia ls  a t  o th e r  e x i s t in g  
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Green Mountain R eservoir
Green M ountain R ese rv o ir  i s  lo c a te d  22 m ile s  n o rth w est o f  D il lo n , in  
Summit County, C o lo rado . I t  was in sp e c te d  on Ju ly  12, 1980. The
r e s e r v o i r  l e v e l  was 5 f t  below h ig h  w a ter le v e l  (HWL) d u rin g  t h i s  
in s p e c t io n  which p e rm itte d  o b s e rv a tio n s  o f  th e  r e s e r v o i r  s lo p e s  bo th  
above and below th e  HWL. The r e s e r v o i r  l i e s  in  a  narrow , n o rth w es t 
t re n d in g  canyon o f  th e  B lue R iv e r between Green and L i t t l e  Green 
M ountain and i s  formed by a 309 f t  h igh  e a r th  f i l l  dam. I t  has a 
t o t a l  c a p a c ity  o f  155,000 a c r e - f t .  I t  was com pleted in  1943 a s  p a r t  
o f th e  C olorado-B ig  Thompson P r o je c t  and has been o p e ra ted  
c o n tin u o u s ly  a s  a sou rce  o f  d r in k in g  and i r r i g a t i o n  w ater s in c e  th a t  
tim e . T y p ica l an n u a l w a ter l e v e l  f lu c tu a t io n s  w ith in  Green M ountain 
R e se rv o ir  re ach  a maximum o f  60 f t  between HWL and low w ater le v e l  
(LWL). The f lu c tu a t io n s  occur as  a  g ra d u a l drawdown from November 
th rough  A p ril  fo llo w ed  by a g ra d u a l r e f i l l i n g  from A p ril  th rough  
O cto b er. The maximum drawdown r a te  i s  0 .5  f e e t  p e r  day (B e r lin g , 
1980).
Green M ountain R ese rv o ir l i e s  in  th e  Blue R iv e r v a lle y  which makes up 
a p o r t io n  o f  a f a u l t  b lo ck  10 m ile s  wide and 65 m ile s  lo n g  d ip p in g  
g e n tly  to  th e  n o r th e a s t .  T h is f a u l t  b lock  i s  formed by la rg e  t h r u s t  
f a u l t s  on th e  w este rn  m arg ins o f  th e  W illiam s R iver M ountain Range to  
th e  e a s t  and th e  Gore Range to  th e  w est (H eaton, 1939). P ie r r e  S hale
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c ro p s  o u t a long  th e  e n t i r e  e a s te r n  s id e  o f  th e  r e s e r v o i r . The P ie r r e  
S hale  re a ch e s  a th ic k n e s s  o f  4,600 f t  and c o n s is ts  o f  g ray  and b la ck  
s o f t ,  f r i a b l e  s h a le  w ith  th in  san d s to n e , s i l t s t o n e  and lim e s to n e  beds 
w ith  a maximum th ic k n e s s  o f  1.5 f t .  The w est s id e  o f  th e  r e s e r v o i r  
i s  u n d e r la in  s u c e s s iv e ly  by th e  N io b ra ra , B enton, Dakota and M orrison 
F o rm atio n s. A ll fo rm a tio n s  d ip  betw een 10 and 30 d eg rees  to  th e  
n o r th e a s t  and c o n s i s t  o f  a l t e r n a t in g  beds o f  san d s to n e , lim e s to n e  and 
s h a le .  The bedrock i s  o v e r la in  a t  th e  w est s id e  o f  th e  r e s e r v o i r  by 
a c o n s id e ra b le  th ic k n e s s  o f  g l a c i a l  mor a i n a i  m a te r ia l .  An in t r u s iv e  
porphyry  has in tru d e d  as  a l a c c o l i t h  betw een many o f  th e  sed im en tary  
ro c k s  on th e  w est s id e  o f  th e  r e s e r v o i r .
M easured s lo p e  a n g le s  between HWL and p re s e n t  w ater l e v e l  (PWL) 
ranged  from 15 to  17 deg rees  in  P ie r r e  S h a le  s lo p e s  a long  th e  e a s t  
s id e  o f  Green M ountain R e s e rv o ir . These s lo p e s  co n tin u e  un ifo rm ly  to  
LWL (B en n e tt, 1980) M easured s lo p e  an g le s  above HWL ranged  from 30 
deg rees  to  n e a r ly  v e r t i c a l  w ith  t a lu s  s lo p e s  ran g in g  from 30 to  37 
d e g re e s . A d i s t i n c t  bench e x i s t s  a t  HWL ran g in g  from 3 to  10 f t  h ig h  
and 5 to  15 f t  w ide. The s lo p e s  between HWL and PWL were covered  
w ith  0 .25  to  1 f t  o f  s lak e d  s h a le  c h ip s . T h is c o l lu v ia l  m a te r ia l  i s  
a sandy g ra v e l c o n ta in in g  l e s s  th an  two p e rc e n t m a te r ia l  f i n e r  th an  a 
#200 s i e v e , and i s  made up o f  th in  s h a le  p la te s  re a ch in g  a maximum 
s iz e  o f  1.5 in c h e s . T h is  m a te r ia l  i s  very  dry a t  th e  s u r fa c e  b u t 
becomes m o is t a t  a  dep th  o f  two in c h e s  o r l e s s .  The u n d e rly in g  i n t a c t
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P ie r r e  S ha le  was m o is t. The c o l lu v i a l  m a te r ia l  d e r iv e d  from P ie r r e  
S h a le  a t  Green M ountain r e s e r v o i r  has a l iq u id  l im i t  o f  2 7 .0 , a 
p l a s t i c  l im i t  o f  19.2 and p l a s t i c i t y  index  o f  7 .8 .  These p r o p e r t ie s  
in d ic a te  th a t  th e  f in e  f r a c t io n  o f  t h i s  t a lu s  m a te r ia l  f a l l s  in to  th e  
s i l t  ra n g e , w e ll below th e  " A -lin e " , when p lo t te d  on a p l a s t i c i t y  
c h a r t .  (Peck e t .  a l . , 1973).
No la n d s l id e s  o f  any s ig n i f ic a n c e  have o ccu rred  on th e  s lo p e s  between 
HWL and LWL u n d e r la in  by P ie r r e  S hale  (B e n n e tt, 1980). Two la r g e  
la n d s l id e s  do e x i s t  a t  Green M ountain R e se rv o ir . One i s  a rock  s l i d e  
a t  th e  n o r th e a s t  c o rn e r  o f  th e  r e s e r v o i r ,  b u t th e  s l i d e  p lan e  i s  in  
th e  Benton S h a le . The o th e r  i s  an e a r th  slump in  g l a c i a l  mor a i n a i  
m a te r ia l  on th e  w est s id e  o f  th e  r e s e r v o i r  n e a r th e  sm all v i l l a g e  o f 
Heeney, C o lo rado . Both la n d s l id e s  a re  la r g e ,  1500 and 3000 f e e t  wide 
r e s p e c t iv e ly ,  and have e x p e rien ced  v a ry in g  r a t e s  o f  co n tin u ed  annual 
movement s in c e  th e  r e s e r v o i r  was c o n s tru c te d .
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R if le  Gap R eservoir
R if le  Gap R ese rv o ir i s  seven  m ile s  n o rth  o f R i f le ,  in  G a r f ie ld  
County, C o lo rado . The r e s e r v o i r  was in s p e c te d  on J u ly  11, 1980. The 
w a te r l e v e l  in  th e  r e s e r v o i r  on t h i s  d a te  was f i f t e e n  f e e t  below HWL 
which a llow ed  a d e ta i le d  in s p e c t io n  and com parison o f  th e  r e s e r v o i r  
s lo p e s  above HWL and betw een HWL and PWL. The r e s e r v o i r  i s  formed by 
a 125 f t .  h ig h  r o l l e d  e a r th  f i l l  dam and has a t o t a l  c a p a c ity  o f
10,000 a c r e - f t .  (M errim an, 1941). The dam i s  c o n s tru c te d  a c ro s s  a
narrow  gorge where R i f le  C reek c u ts  th rough  th e  Grand M onocline.
The r e s e r v o i r  b a s in  i s  formed by th e  e a s t  and w est fo rk s  o f  R i f le
Creek which converge j u s t  above th e  a x is  o f  th e  dam. R ese rv o ir
s lo p e s  p r io r  to  c o n s tru c t io n  o f  th e  dam ranged from abou t 45 deg rees  
n ea r th e  lo c a t io n  o f  th e  dam to  abou t 15 to  17 d eg rees  in  th e  e a s t  
and w est fo rk s  o f  R i f le  C reek . R i f le  Gap R ese rv o ir was com pleted in  
1964 as  p a r t  o f  th e  S i l t  I r r i g a t i o n  P r o je c t  and has been o p e ra te d  
c o n tin u o u s ly  a s  a  so u rce  o f  i r r i g a t i o n  w ater s in c e  t h a t  tim e . Annual 
w a ter l e v e l  f lu c tu a t io n s  in  t h i s  r e s e r v o i r  re ach  a maximum o f  52 f t  
and occur as slow drawdown from J u ly  th ro u g h  O ctober and a g ra d u a l 
r e f i l l i n g  from March th rough  Ju n e . The maximum drawdown r a t e  i s  one 
fo o t  p e r  day (H o lt, 1980).
R i f le  Gap R ese rv o ir l i e s  in  th e  Grand Hogback, a s te e p ,  so u th -d ip p in g
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m onocline in  which beds o f  th e  Mesa Verde Form ation; sa n d s to n e , sh a le  
and c o a l s t r i k e  e a s t-w e s t  and d ip  80 to  85 d eg rees  so u th  (M erriman, 
1941). L ess r e s i s t a n t  Mancos S hale  a ls o  d ip s  s te e p ly  sou th  and forms 
a  b a s in  in  th e  in te r-h o g b a c k  re g io n , im m ediately  n o r th  o f  th e  Grand 
Hogback. The Mancos S h a le  in  t h i s  a re a  i s  dark  g ra y , s o f t ,  and 
c o n ta in s  th in  sandy, s i l t y  and lim ey beds to  one fo o t  th ic k .  
L am inations in  th e  s h a le  d ip  85 d eg rees sou th  (Murdock and O lsen , 
1958).
M easured s lo p e  an g le s  in  Mancos S h a le  s lo p e s  w e ll above HWL ranged  
from 23 to  35 d e g re e s . S lope a n g le s  in  Mancos S h a le  betw een HWL and 
PWL ranged  fhom 13 to  20 d eg rees  and averaged  ap p ro x im ate ly  15 
d e g re e s . No la n d s l id e s  were observed  in  th e  exposed s lo p e s  and no 
s i g n i f i c a n t  la n d s l id e s  e x i s t  betw een HWL and LWL (H o lt, 1980).
The fo llw in g  o b s e rv a tio n s  were made o f  Mancos S h a le  s lo p e s  between 
HWL and PWL: 1) A d i s t i n c t  h igh  w a ter l e v e l  bench e x i s t s  which
ran g es  from 2 to  8 f e e t  h ig h  and 4 to  10 f e e t  w ide, 2) The average  
s lo p e  a n g le  o f  15 d eg rees  c o n s is t s  o f  a  s e r i e s  o f  sm all benches 
ran g in g  from s ix  in c h es  to  two f e e t  h ig h  and one to  th re e  f e e t  w ide, 
and 3) The s lo p e s  a re  m antled  by one to  two f e e t  o f w eathered  
c o l lu v ia l  m a te r ia l  which i s  c l a s s i f i e d  as  a  sand . T h is  c o l lu v ia l  
m a te r ia l  a p p ea rs  to  be e n t i r e l y  d e r iv e d  from th e  u n d e rly in g  sh a le  by 
p ro g re s s iv e  breakdown o f  th in  s lak e d  s h a le  p l a t e s .  The l iq u id  l im i t
ER-2435 151
o f  th e  f in e  f r a c t io n  o f  th e  c o l lu v ia l  m a te r ia l  i s  4 0 .5 , th e  p l a s t i c  
l im i t  i s  25.0  and th e  p l a s t i c i t y  index  i s  1 5 .5 . T his m a te r ia l  f a l l s  
very  s l i g h t l y  below th e  " A -lin e "  on a C asagrande p l a s t i c i t y  c h a r t ,  
in d ic a t in g  th a t  th e  f in e  p o r t io n  i s  more s i l t - l i k e  th an  c l a y - l i k e .
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Crawford R eservoir
Crawford R ese rv o ir i s  two m ile s  sou th  o f  C raw ford, in  th e  s o u th e a s t  
c o rn e r  o f  D e lta  C ounty, C o lo rado . I t  was in s p e c te d  on J u ly  10, 
1980. The r e s e r v o i r  was a t  f u l l  c a p a c ity  du rin g  t h i s  in s p e c tio n  
which p rev en ted  o b s e rv a tio n  o f  s lo p e s  in  Mancos S h a le  below HWL. The 
r e s e r v o i r  i s  formed by a 162 f t  h ig h  e a r th  f i l l  dam and has a t o t a l  
c a p a c ity  o f  14,000 a c r e - f t .  I t  was com pleted in  1962 and has been 
o p e ra te d  c o n tin u o u s ly  as an i r r i g a t i o n  r e s e r v o i r  s in c e  th a t  tim e . 
T y p ica l annual w a ter l e v e l  f lu c tu a t io n  w ith in  Craw ford R ese rv o ir  
c o n s i s t s  o f  slow drawdown from Ju ly  th rough  O ctober fo llo w ed  by 
g ra d u a l r e f i l l i n g  from March th rough  June.
Crawford R ese rv o ir i s  form ed w ith in  a  shallow  b a s in  on th e  sou th  and 
e a s t ,  w ith  average  s lo p e s  ran g in g  from 3 to  10 d e g re e s . These g e n t le  
s lo p e s  co rresp o n d  to  o u tc ro p s  o f  Mancos S hale  o v e r la in  by g ra v e l ly  
m a te r ia l  g e n e ra l ly  l e s s  th an  f iv e  f t  th ic k .  The w est and n o rth w est 
s id e s  o f th e  r e s e r v o i r  have s lo p e s  up to  ap p ro x im ate ly  30 d egrees 
which a re  u n d e r la in  by D akota S and sto n e . The Mancos S h a le  in  th e  
v i c i n i t y  o f th e  r e s e r v o i r  i s  b lack  to  dark  g ray  and s o f t ,  w ith  th in  
beds o f  san d s to n e , s i l t s t o n e  and lim e s to n e  to  s ix  in c h es  th ic k .
A sequence o f  p h o tog raphs was o b ta in e d  from th e  W ater and Power 
R esources S e rv ic e  in  M ontrose, C olorado . These pho tographs were
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token as  p a r t  o f  a  r e g u la r  in s p e c t io n  program  a t  Crawford R ese rv o ir  
and show th e  r e s e r v o i r  a t  LWL a t  s e v e ra l  tim es from 1962 th rough  
1970. C a re fu l in s p e c t io n  o f  th e se  pho tographs re v e a le d  th a t  no 
s i g n i f i c a n t  la n d s l id e s  have o c cu rred  in  th e  r e s e r v o i r  s lo p e s  in  
Mancos S h a le  d u rin g  th a t  tim e .
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Jackson Gulch R eservoir
Jackson  Gulch R ese rv o ir i s  ap p ro x im ate ly  f iv e  m ile s  n o r th  o f  Mancos, 
in  Montezuma County, C o lo rado . The r e s e r v o i r ,  i n l e t  and o u t l e t  
c a n a ls  were in s p e c te d  on Ju ly  8 , 1980. The r e s e r v o i r  was a t  f u l l
c a p a c ity  d u rin g  t h i s  in s p e c t io n .  I t  i s  formed by a 162 f t  h ig h  
e a r th  f i l l  dam, has a c a p a c ity  o f 9 ,980  a c r e - f e e t ,  and co v ers  an a re a  
o f  216 a c re s  (Bu. R e c ., 1952). The dam i s  c o n s tru c te d  a c ro s s  a  gorge 
w ith  s lo p e s  av erag in g  20 d e g re e s . The r e s e r v o i r  b a s in  s lo p e s  become 
in c re a s in g ly  g e n t le  upstream  o f  th e  dam re a ch in g  s lo p e s  as  f l a t  as  
f iv e  d e g re e s . The dam was com pleted in  1949 and has been in  
co n tin u o u s  u se  as  an i r r i g a t i o n  r e s e r v o i r  s in c e  th a t  tim e . Annual 
w a ter l e v e l  f lu c tu a t io n  o ccu rs  a s  slow drawdown from June th ro u g h  th e  
end o f  A ugust. The r e s e r v o i r  rem ains v i r t u a l l y  dry from Septem ber 
th ro u g h  February  and th en  i s  slow ly  f i l l e d  from March th ro u g h  June. 
The maximum w ater l e v e l  f lu c tu a t io n  r a t e  i s  1.5 f t .  p e r  day (Brown, 
1980).
The bedrock w ith in  th e  r e s e r v o i r  b a s in  c o n s is t s  p r im a r i ly  o f  Dakota 
S an d sto n e . The san d sto n e  i s  h e a v ily  m antled  w ith  s i l t  r e s u l t in g  in  
few v i s i b l e  o u tc ro p s . The low er p o r t io n  o f  th e  dam i s  founded on 
Dakota Sandstone and th e  upper p o r t io n  r e s t s  on Mancos S h a le . The 
Mancos S hale  i s  dark  gray  to  b lack  and s o f t ,  w ith  o c c a s io n a l 
g y p su m -fille d  j o in t s  and s i l t y ,  sandy or lim ey beds to  th re e  in c h es
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th ick *  The bedrocks d ip s  two to  fo u r  d eg rees  to  th e  sou thw est and no 
f a u l t s  o r la r g e  fo ld s  a re  mapped in  th e  g e n e ra l a re a  o f  th e  r e s e r v o i r .
No o b s e rv a tio n s  o f  th e  Mancos S h a le  s lo p e s  below HWL were p o s s ib le ,  
due to  th e  h ig h  r e s e r v o i r  l e v e l .
O b se rv a tio n s  were made o f  Mancos S h a le  s lo p e s  above th e  o u t l e t  c a n a l 
which flow s so u th  a t o t a l  d is ta n c e  o f  2 .24  m ile s  to  th e  West Mancos 
R iv e r . The o u t l e t  c a n a l i s  an open ch an n e l which ru n s  a long  th e  s id e  
o f  a  h i l l  in  Mancos S h a le . I t  i s  l in e d  w ith  c o n c re te  in  some
s e t io n s .  There a re  numerous la n d s l id e s  in  th e  s h a le  bo th  above and
i
below th e  o u t l e t  c a n a l .  These la n d s l id e s  have been moving 
c o n tin u o u s ly  s in c e  th e  c o n s tr u c t io n  o f  th e  c an a l and have caused  a 
c o n tin u a l  m ain tenance problem  to  th e  c a n a l .  A bench was ex cav a ted  on 
th e  e a s t  s id e  p f  th e  c a n a l to  c a tc h  some o f  th e  s l i d e  d e b r is  moving 
dow n-slope and in to  th e  c a n a l .  Movement in  th e se  l a n d s l id e s  o ccu rs  
p r im a r i ly  each  sp r in g  d u rin g  th e  snowm elt. D uring th e  in s p e c t io n ,
r e p a i r s  were in  p ro g re s s  to  a  l a n d s l id e  which had o ccu rred  in  th e  
s p r in g  o f 1980. T h is  s l id e  o c cu rred  im m ediate ly  downslope from th e  
o u t l e t  c a n a l and had a  v e r t i c a l  d isp lacem en t o f  ap p ro x im a te ly  25 f t .  
I t  d e s tro y ed  a  100 yard  s e c t io n  o f  th e  a c c e ss  ro a d . The average  
s lo p e  o f  th e  h i l l s i d e  in  th e  v i c i n i t y  o f  t h i s  la n d s l id e  was
ap p ro x im a te ly  20 d e g re e s , and th e  s u r fa c e  o f  t h i s  s lo p e  c o n s is te d  o f
an e n -ech e lo n  s e r i e s  o f  la n d s l id e  s c a rp s  and co rre sp o n d in g  to e -b u lg e s .
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V eg e ta tio n  in  la n d s l id e  a re a s  c o n s is te d  o f  sm a ll, scru b b y , deciduous 
grow th which sh a rp ly  c o n tr a s te d  w ith  th e  la rg e  e v e rg reen s  found on 
a d ja c e n t  s ta b le  s lo p e s .
A tw enty  fo o t h ig h  c u t s lo p e  Im m ediately  upsio p e  from th e  o u t l e t  
c an a l was m easured a t  33 d e g re e s . T h is s lo p e  re q u ire d  m ain tenance 
and two s e c t io n s  were compared ; one had been c u t and c lean ed  f iv e  
y e a rs  p r io r  to  t h i s  in s p e c t io n ,  th e  o th e r  had been c u t and c lean ed  
o n e -h a lf  y e a r  p r io r  to  t h i s  in s p e c t io n .  Both s lo p e s  had been c lean ed  
o f  a l l  r e s id u a l  s o i l  and s la k e d  s h a le  m a te r ia l ,  le a v in g  r e l a t i v e l y  
f r e s h  Mancos S hale  exposed a t  th e  s u r f a c e .
The c u t  s lo p e  th a t  was t r e a te d  f iv e  y e a rs  p r io r  to  t h i s  in s p e c t io n  
had an an g le  o f  33 d eg rees and was covered  w ith  1 to  1.5 f t  o f 
c o l lu v ia l  m a te r ia l  m easured norm al to  th e  s lo p e . T h is  c o l lu v ia l  
m a te r ia l  i s  a  g ra v e l ly  sand com prised o f  Mancos S hale  p a r t i c l e s  w ith  
some re d d ish  brown f in e -g r a in e d  m a te r ia l  d e riv e d  from o v e rly in g  
g l a c i a l  m a te r ia l .  The c o l lu v i a l  m a te r ia l  has a l iq u id  l im i t  o f 4 3 .8 , 
a  p l a s t i c  l im i t  o f  27.2  and p l a s t i c i t y  index  o f  16 .6 . T h is  p la c e s  
th e  f in e  p o r t io n  o f t h i s  c o l lu v i a l  m a te r ia l  s l i g h t l y  below th e  "A 
l in e "  (Peck e t .  a l . , 1973), in d ic a t in g  th a t  i t s  o v e r a l l  c h a r a c te r  i s  
more s i l t - l i k e  th an  c l a y - l i k e .  T his c o l lu v ia l  m a te r ia l  was dry  a t  
th e  s u r f a c e .  At d ep th s  o f  th re e  in c h es  o r more, i t  was m oist a s  was 
th e  u n d e r ly in g , i n t a c t  Mancos S h a le .
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The o u t s lo p e  th a t  was t r e a te d  o n e -h a lf  y e a r p r io r  to  t h i s  in s p e c t io n  
had an a n g le  o f  5 d eg rees  and c o n s is te d  o f  i n t a c t  Mancos. S ha le  
covered  w ith  2 to  3 in ch es  o f  c o l lu v ia l  m a te r ia l .  The c o l lu v ia l  
m a te r ia l  c o n s is te d  o f  th in ,  p la ty  sh a le  p a r t i c l e s  ran g in g  from 
o n e -h a lf  to  two in c h e s .
Comparison o f  th e se  two s lo p e s  s u g g e s ts  t h a t  th e  Mancos S h a le  s la k e s  
r e a d i ly  a t  t h i s  lo c a t io n  b u t th a t  th e  r a t e  o f  s la k in g  d e c re a se s  w ith  
tim e . The d ec rea se  in  s la k in g  r a te  i s  a t t r i b u t e d  to  th e  p r o te c t io n  
a ffo rd e d  th e  i n t a c t  sh a le  by th e  c o l lu v ia l  c o v e r . The c o l lu v ia l  
m a te r ia l  p re v e n ts  com plete and r a p id  d ry in g  o f  th e  i n t a c t  s h a le  and 
th u s  slow s down th e  s la k in g  p ro c e s s . D e te r io ra t io n  o f  th e  c o l lu v ia l  
m a te r ia l  c o n tin u e s  w ith  tim e w ith  breakdown o f  th e  s h a le  p la te s  in to  
p ro g r e s s iv e ly  sm a lle r  frag m en ts .
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El Vado R eservoir
E l Vado R ese rv o ir i s  ap p ro x im a te ly  25 m iles  so u th w est o f Chama, in  
Rio A rrib a  County, New M exico. I t  was in s p e c te d  on Ju ly  9 , 1980.
The w ater l e v e l  was 25 f e e t  below HWL d uring  t h i s  in s p e c t io n .  The 
r e s e r v o i r  has a  c a p a c ity  o f  197,000 a c r e - f t  and i s  formed by a 175 f t  
h ig h  rock f i l l  dam w ith  a s t e e l  membrane form ing an im perv ious s e a l  on 
th e  upstream  fa c e .  The p r o je c t  was com pleted by th e  M iddle Rio 
Grande Conservancy D i s t r i c t  in  1935 and has been o p e ra ted  alm ost 
c o n tin u o u s ly  as  a  m ajor so u rce  o f  i r r i g a t i o n  w ater to  th e  p re s e n t  
tim e . T y p ica l an n u a l w a te r l e v e l  f lu c tu a t io n  w ith in  th e  r e s e r v o i r  
occu rs  a s  a  g ra d u a l drawdown between Ju ly  and December fo llo w ed  by a 
g ra d u a l r e f i l l i n g  from January  th rough  Ju n e . The maximum drawdown
r a t e  ex p erien ced  in  t h i s  r e s e r v o i r  i s  app ro x im ate ly  2 f t  p e r day.
(F is h e r ,  1980).
E l Vado r e s e r v o i r  l i e s  on th e  so u thw est f la n k  o f  th e  San Mateo 
A n t ic l in e .  Dakota Sandstone o u tc ro p s  a t  th e  l e f t  abutm ent o f  th e  dam 
and d ip s  20 to  30 deg rees  w e s t-so u th  w est. The Dakota S andstone i s  
o v e r la in  by a th ic k  s e c t io n  o f  Mancos S hale  which form s th e  s lo p e s  
around most o f th e  r e s e r v o i r  p e r im e te r .  T his s h a le  c o n s is t s  o f  th e  
G raneros and G reenhorn Members o f  the  Mancos S h a le . The G raneros
Member o u tc ro p s  a t  th e  r i g h t  abutm ent o f  th e  dam, im m edia te ly  above 
th e  Dakota Sandstone and a l s o  above the  G reenhorn Member around a
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la r g e  p a r t  o f  th e  w est r e s e r v o i r  p e r im e te r . The G raneros Member i s  a 
dark  gray  to  b la c k , s o f t ,  s h a le  w ith  g y p su m -fille d  j o i n t s ,  and s i l t y ,  
sandy and lim es to n e  beds to  1 .5  f t  th ic k .  The G reenhorn Member 
o u tc ro p s  ap p ro x im a te ly  25 f t  above th e  r i g h t  abutm ent o f  th e  dam and 
c o n tin u e s  northw ard  f o r  abou t 1/2 m ile  where i t  d is s a p p e a rs  in to  th e  
r e s e r v o i r . The G reenhorn Member i s  ap p ro x im ate ly  25 f t  th ic k  and 
c o n s is t s  o f  b u f f  to  l i g h t  g ray  lim ey , s i l t y  and sandy sh a le  w ith  some 
th re e  in ch  th ic k  san d sto n e  b eds. I t  i s  m odera te ly  hard  and c lo s e ly  
jo in te d  and has a  more r e s i s t a n t  o u tcrop  p a t te r n  than  th e  su rro u n d in g  
s h a le s •
Complete dew atering  o f  th e  r e s e r v o i r  in  1951 r e a c t iv a te d  a la rg e  
la n d s l id e  in  th e  w e s t-d ip p in g  Dakota Sandstone b ed s. The s l id in g  
s u r fa c e  i s  presumed to  be a sh a le y  bed a t  or n e a r th e  base o f  th e  
Dakota S an d sto n e . The m a jo r ity  o f  th e  s l i d e  m a te r ia l  i s  r e l a t i v e l y  
u n d is tu rb e d  in d ic a t in g  th a t  t h i s  i s  a t r a n s la to r y  s l i d e .  Movement o f 
t h i s  s l id e  mass in  1951 caused  a  1.5 f t  s h o r te n in g  o f  th e  dam a lo n g  
i t s  a x is  which buck led  th e  s t e e l  p la te  on th e  upstream  fa c e .  No 
re c o rd  o f  l a n d s l id e s  in  th e  Mancos S hale  were found and no slum ping 
o r s l id in g  has been observed  in  th e  r e s e r v o i r  s lo p e s  d u rin g  th e  
annual drawdown. (F is h e r ,  1980).
A c u t s lo p e  in  th e  G raneros Member o f  th e  Mancos S ha le  r i s e s  a b ru p tly  
from th e  w est s id e  o f  th e  s p illw a y  o u t l e t  c a n a l on th e  r i g h t  abu tm ent.
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T his s lo p e  has rem ained s ta b le  d u rin g  the  l i f e  o f  th e  p r o je c t  b u t 
n e a r ly  co n tin u o u s  ra v e lin g  and s la k in g  o f  th e  sh a le  has caused  a 
m inor m ain tenance problem , an n u al rem oval o f  sm all s h a le  ch ip s  from 
th e  sp illw a y  o u t l e t  c h an n e l. The s lo p e  was s teep en ed  from 37 to  51 
d eg rees  and ra v e l in g  has co n tin u ed  a t  a  c o n s ta n t r a t e  because th e  
re q u ire d  m ain tenance  p re c lu d e s  b u ild u p  o f  a s ta b le  t a l u s  s lo p e .
M easured s lo p e  a n g le s  in  th e  Mancos S ha le  upstream  from th e  r i g h t  
abutm ent o f  th e  dam were 33 d eg rees above HWL and 24 d eg rees  between 
th e  HWL and th e  PWL. A d i s t i n c t  HWL bench e x is te d  in  th e  Mancos 
S h a le  av erag in g  fo u r to  s ix  f e e t  wide and th re e  to  e ig h t  f e e t  h ig h . 
The exposed s lo p e  between HWL and PWL c o n s is te d  o f  a  s e r i e s  o f  sm all 
benches one to  th re e  f e e t  h ig h  and one to  th re e  f e e t  w ide. A 
somewhat l a r g e r  bench was found a t  th e  PWL. T h is  bench reached  a 
maximum w idth  o f  e ig h t  f e e t  and maximum h e ig h t  o f  th re e  f e e t .  The 
t o t a l  e s tim a te d  s h o re l in e  r e t r e a t  i s  app ro x im ate ly  25 f t  in  a re a s  o f  
s o f t ,  b lack  s h a le .
S u r f i c i a l  m a te r ia l  co v erin g  th e  s lo p e s  between HWL and PWL c o n s is te d  
e n t i r e l y  o f  r e s id u a l  m a te r ia l  d e riv e d  from th e  u n d e rly in g  Mancos 
S h a le . S lopes in  th e  G raneros Member were covered  by s ix  in ch es  to  
15 in c h es  o f  sh a le  fragm en ts  c l a s s i f i e d  a s  g ra v e l ly  sand . The 
m a te r ia l  i s  dry a t  th e  s u r fa c e  and becomes m o is t a t  dep th s  o f s ix  
in c h es  o r more. The u n d e rly in g  sh a le  was m o is t.
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S lopes a s s o c ia te d  w ith  th e  more r e s i s t a n t  G reenhorn Member had a 
d i f f e r e n t  c h a r a c te r .  Average s lo p e  an g le s  m easured between HWL and 
PWL in  th e se  a re a s  were 34 d e g re e s , and the  G reenhorn above th e  HWL 
formed n e a r ly  v e r t i c a l  c l i f f s .  S u r f i c i a l  m a te r ia l  on th e  s lo p e s  
between HWL and PWL c o n s is te d  o f  t a lu s  b lo ck s  d e riv e d  from th e  
lim e s to n e , san d sto n e  and s h a le  beds o f th e  G reenhorn Member. These 
b lo c k s  were ty p ic a l ly  th re e  in c h es  to  one fo o t  long  w ith  an average  
le n g th  to  w idth  r a t i o  o f  1.5 to  tw o. In  a re a s  where th e  G reenhorn 
Member ou tcropped above th e  HWL, ta lu s  b lo ck s  d e riv e d  from t h i s  
fo rm atio n  had formed a one to  two fo o t  b la n k e t o f  arm or over th e  l e s s  
r e s i s t a n t  G raneros Member below th e  HWL.
E 6 4 4 0 0 0





c n GALLUP SANDSTONE
MANGOS SHALE
BEDROCK G E O L O G I C  M A P
LOWER RESERVOIR AREA. PUMPED STORAGE PROJECT 
PUBLIC SERVICE COMPANY OF NEW MEXICO
SCALE 1 :^400
CONTOUR INTERVAL 5 F tPLATE I
=:osj;> RKERVi E R -2 4 3 5
TRACY J LYMAN 
ô» 1 0 -2 7 —81
RESISTENT SANDSTONE, SILTSTONE,
AND LIMESTONE ZONE IN MANGOS SHALE
Z  CONTACT, DASHED WHERE APPROXIMATE
T  V  STRIKE AND DIP OF BEDDING
^  A '  STRIKE AND DIP OF JOINTING
BORING
H  TEST PIT
e  EXPLORATORY ADIT
a CROSS SECTION USED IN 
J STABILITY CALCULATIONS
    APPROXIMATE DAM AXIS
NOTE: RESERVOIR LEVEL VARIES FROM E L 65 0 0  TO EL.6565FT.
E 644000
E 6 4 0 0 0 0
E 6 3 8 0 0 0
LEGEND
ALLUVIUM - S IL T , S ILTY SAND ,FIN E  SAND 
SOME LENSES COBBLES AND GRAVEL.
LARGE DETACHED GALLUP SANDSTONE 
BLOCKS.
LANDSLIDES/SLUMPS INVOLVING MOSTLY 
MANGOS SHALE
LANDSLIDES/SLUMPS FORMING COLLUVIAL 
VENEER OF LARGE GALLUP S S I BLOCKSSURFICIAL GE OL OGIC  MAP
C0LLUV1UM -  BOULDERS,COBBLES AND 
GRAVEL IN A MATRIX OF SAND AND SILTLOWER RESERVOIR AREA, PUMPED STORAGE PROJECT 




NOTE: RESERVOIR LEVEL VARIES FROM EL.6500 TO EL. 6565 FT.
E R -2 43 5  
TRACY J LYMAN 
1 0 -2 7 -8 1
PLATE 2
NOTE: MODIFIED FROM SWEC l3300-G S K C D )-6
Ü188Û02872712
LEGEND
EXISTING SLOPES BETWEEN EL. 
6490 AND 6575 THAT ARE:
10 TO 15 DEGREES
SLOPE M A P
LOWER RESERVOIR AREA. PUMPED STORAGE PROJECT
15 TO 20 DEGREES
20 TO 25 DEGREESPUBLIC SERVICE COMPANY OF NEW MEXICO
25 TO 3 0  DEGREES
E R -2 4 3 5  
TRACYJ LYMAN 
1 0 -2 7 -8 1
PL ATE 3
GREATER THAN 30 DEGREESNOTE: RESERVOIR LEVEL VARIES FROM EL.65 00 TO EL. 6565 FT.
APPROXIMATE DAM AXIS
MODERATE RISK AREA SLOPES 
BETWEEN HWL AND LWL ARE PREDICTED 
TO BE UNSTABLE DURING OPERATION. 
SLOPE ADJUSTMENTS WILL NOT AFFECT 
ENGINEERED STRUCTURES.
HIGH RISK AREA SLOPES BETWEEN 
HWL AND LWL ARE PREDICTED TO BE 
UNSTABLE DURING OPERATION. SLOPE 
ADJUSTMENTS MAY ADVERSELY IMPACT 
ENGINEERED STRUCTURES.
APPROXIMATE DAM AXIS
NOTES: I. RESERVOIR LEVEL VARIES FROM EL.6 5 00  TO EL.6 5 65  FT.
2 .MODERATE AND HIGH RISK AREAS INCLUDE ALL SLOPES 
GREATER THAN 24 DEGREES.
